
,CiVIRA A center of excellence in earth sciences and engineering 

A Division of Southwest Research Institute"' 
6220 Culebra Road • San Antonio, Texas, U.S.A. 78228-5166 
(210) 522-5160 • Fax (210) 522-5155 June 27, 2000 

Contract No. NRC-02-97-009 
Account No. 20.01402.671 

U.S. Nuclear Regulatory Commission 
ATTN: Mrs. Barbara D. Meehan 
Division of Contracts 
TWFN Mail Stop T7-12 
11545 Rockville Pike 
Washington, DC 20852 

Subject: Transmittal of the deliverable Input to RDTME IRSR, Revision 3-Letter Report [Major Milestone 
(MM) 01402.671.030] 

Dear Mrs. Meehan: 

The subject report is being transmitted to meet the MM specified in the Center for Nuclear Waste Regulatory Analyses 

(CNWRA) Operations Plan as MM 01402.671.030 which is due July 28, 2000.  

This revision documents the progress to date in resolving key technical issues with the Department of Energy (DOE) 

in the area of repository design and thermal-mechanical effects. During this fiscal year, the design control process 

subissue has been closed at the staff level and the seismic design methodology subissue has been determined as closed 

pending further information. The repository seals subissue has been closed since the newly proposed 10 CFR Part 63 

does not provide specific requirements for seals performance. The proposed 10 CFR Part 63 is a risk-informed and 

performance-based regulation. The need for seals will be determined by the DOE through its performance assessment.  

Currently, the DOE repository performance does not include consideration of seals. Should the DOE in the future 

change its decision, the repository seals subissue will be reassessed. The thermal-mechanical effects on repository 

design and performance subissue remains open. Themajor concems include: (i) data sufficiency, (ii) modeling approach 

for repository design and rockfall impact on waste packages, and (iii) consideration of thermal-mechanical effects on 

flow into emplacement drifts in the performance assessment. This revision of the IRSR starts to track and resolve 

preclosure related issues. The preclosure related issues have been identified and documented. The acceptance criteria 

that are currently developed in the Yucca Mountain Review Plan are used to resolve concerns. Since the preclosure 

subissues are newly added activities, the progress toward resolution of these is limited.  

If you have any questions regarding this submittal, please contact Simon Hsiung at (210) 522-5209 or me at 

(210) 522-5158.  

Sincerely yours, 

,4•pesley C. Patrick 
~President 

EW CNWRA 

Washington Office * Twinbrook Metro Plaza #210 
12300 Twinbrook Parkway - Rockville, Maryland 20852-1606



Mrs. Barbara D. Meehan 
July 27, 2000 
Page 2 

WP/cp 

Enclosure

cc: D. DeMarco 
E. Whitt 
M. Nataraja 
B. Jagannath 
T. Ahn 
K. Stablein 
J. Linehan (w/o enclosures)

J. Greeves 
R. Reamer 
J. Holonich 
B. Leslie 
P. Justus 
T. McCartin 
D. Brooks 
W. Patrick 
S. Wastler 
T. Esig 
CNWRA EMs 
CNWRA Dirs.

S. Hsiung 
A. Ghosh 
G. Ofoegbu 
R. Gute 
B. Dasgupta 
R. Chen

P. Maldonado 
T. Nagy (SwRI Contracts)



ISSUE RESOLUTION STATUS REPORT

KEY TECHNICAL ISSUE: REPOSITORY DESIGN AND 
THERMAL-MECHANICAL EFFECTS 

Division of Waste Management 
Office of Nuclear Material Safety and Safeguards 

U.S. Nuclear Regulatory Commission 

Revision 3

July 2000



Change History of "Issue Resolution Status Report, Key Technical Issue: Repository 
Design and Thermal-Mechanical Effects" 

Revision Section Date Modification 

Rev 0 All September 1997 None. Initial issue 

Rev 1 All General editorial and citation format changes 

Rev 1 3.1 Table 1 revised to be consistent with 
repository safety strategy 

Rev 1 3.3 Figure 1 replaces the four corresponding 
figures from Rev 0 
Text made consistent with Figure 1 

Rev 1 4.1.2 Review methods added 

Rev 1 4.1.5 September 1998 Section added to include GROA design 
control process review 

Rev 1 4.2.2 Review methods added and subsection 
numbers revised 

Rev 1 4.2.3 Acceptance criteria reworded for clarity, and 
two previous criteria were combined 

Rev 1 4.3 Entire section expanded 

Rev 1 5.0 Section expanded and renumbered 

Rev 1 6.0 References added and changed as 
necessary 

Rev 2 3.3.3 Revised 

Rev 2 3.3.4 Revised 

Rev 2 4.3.3.1 Minor modification to acceptance criteria 

Rev 2 4.3.3.2 September 1999 Technical bases revised 

Rev 2 4.3.4.2 Part of technical bases modified and section 
expanded 

Rev 2 5.3 Section expanded and renumbered 

Rev 2 5.4 Section revised 

Rev 2 6.0 New references added

iii



Change History of "Issue Resolution Status Report, Key Technical Issue: Repository 
Design and Thermal-Mechanical Effects", Cont'd 

Revision Section Date Modification 

Rev 3 Executive Summary added 

Rev 3 1.0 Discussion on preclosure issues 
added-other significant changes have also 
been made 

Rev 3 2.0 Discussion on preclosure issues 
September 2000 added-other significant changes have also 

been made 

Rev 3 3.0 Discussion on preclosure issues 
added-other significant changes have also 
been made 

Rev 3 4.0 Review methods and acceptance criteria 

removed 

Rev 3 5.0 Major revision 

Rev 3 6.0 New references added

iv



EXECUTIVE SUMMARY

The focus of the Repository Design and Thermal Mechanical Effects Key Technical Issue 
(RDTME KTI) is the review of design, construction, and operation of the geologic repository 
operations area with respect to the preclosure and postclosure performance objectives, taking into 
consideration the long-term thermal-mechanical processes. Consequently, the RDTME KTI 
contains both the preclosure and postclosure subissues. In the past, this KTI focused more on 
the postclosure subissues than on the preclosure subissues. During the preparation of Revision 3 
of this Issue Resolution Status Report, the RDTME attention was directed toward identification and 
resolution of preclosure subissues using the acceptance criteria developed in the Yucca Mountain 
Review Plan. The grouping of the preclosure subissues is tentative. It may be revised in the 
subsequent revision to make it more consistent with the Yucca Mountain Review Plan structure.  
Progress made in resolving preclosure subissues is limited for this revision because of the limited 
attention given so far to this aspect of the RDTME KTI. More work needs to be done before 
substantial progress can be made. The status of the RDTME KTI subissues is summarized in the 
following table.  

Subissue Closed Open Comment 

Preclosure 

Design Control Process Closed Design control process hierarchy is simplified.  

Seismic Design Methodology Closed Awaiting review of Seismic Topical Report No. 3.  
Pending 

Preclosure Safety Analysis Open Resolution process for this subissue started during this 
revision. Limited review indicates that aircraft crash hazard 
analysis does not use sufficient data and assumptions are not 
justified.  

Design of Geological Open Resolution process for surface facilities and EBS started 
Repository Operations Area during this revision. Concerns on areas such as adequacy of 

data, data reduction approach, modeling approaches, and 
assumptions for ventilation model are noted.  

Retrievability Open Resolution process started during this revision. No review 
performed.  

Design of EBS Closed DOE to conduct preclosure performance evaluation for EBS, 
Pending WP, and WF based on current design. DOE to collect and 

provide mechanical properties as functions of time.  

Performance Confirmation Open Resolution process started during this revision. No review 
Program performed.  

Repository Operations Open Resolution process started during this revision. No review 
performed.
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Subissue Closed Open Comment 

Postclosure 

Thermal-Mechanical Effects Open Concerns related to modeling rockfall impact on drip shield and 
WPs are not resolved. Concerns related to thermal
mechanical effect on change in local hydrologic properties 
remain. Concerns related to screening out drift geometry 
change from model abstractions remain.  

Repository Seals Closed 10 CFR Part 63 does not have specific requirements for 
repository seals 

Note: EBS-Engineered Barrier System 
DOE-U.S. Department of Energy 
WP-Waste Package 
WF-Waste Forms
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1 INTRODUCTION

In 1996, one of the primary objectives of the U.S. Nuclear Regulatory Commission (NRC) refocused 
prelicensing program was to direct its activities toward resolving the 10 key technical issues (KTls) 
it considered to be most important to repository postclosure performance. This approach is 
summarized in Chapter 1 of NRC's High-Level Radioactive Waste Program Annual Progress Report: 
Fiscal Year 1996 (Center for Nuclear Waste Regulatory Analyses, 1997). Other chapters of this 
document address each of the 10 KTIs by describing the scope of the issue and subissues, path to 
resolution, and progress achieved during fiscal year (FY) 1996.  

In this revision (Revision 3), issue resolution for preclosure related subissues is also included. The 
Acceptance Criteria (ACs) developed in the Yucca Mountain Review Plan (YMRP) for the U.S.  
Department of Energy (DOE) repository License Application (LA) are used as basis to document the 
progress on issue resolution. As a result of this addition, the Repository Design and Thermal 
Mechanical Effects (RDTME) KTI subissues are divided into two groups: preclosure subissues and 
postclosure subissues. To achieve this, the subissues in the original RDTME KTI as listed in 
Revision 2 of the Issue Resolution Status Report (IRSR) have been grouped into preclosure and 
postclosure subissues. Furthermore, additional subissues for preclosure are identified.  

Consistent with Title 10 Code of Federal Regulations (CFR) Part 60 and a 1992 agreement with the 
DOE, staff-level issue resolution can be achieved during the prelicensing consultation period. Such 
resolution at the staff level however, would not preclude the issue being raised and considered during 
the licensing proceedings. The status of issue resolution at the staff level during prelicensing includes 
three categories: closed, closed pending further information, and open. An issue is considered closed 
if staff has no further questions regarding the model, approach, data, or other information pertaining 
to an issue and its subordinate subissues. Additionally, for an issue to be considered closed, it is 
required that the DOE approach and available supporting information acceptably address staff 
questions. No information beyond that currently available will likely be required for staff regulatory 
decisionmaking at the time of Construction Authorization (CA). An issue is considered closed pending 
further information if staff has no further questions regarding the model, approach, existing data, or 
other information pertaining to an issue and its subordinate subissues except that the staff is awaiting 
receipt of additional information from DOE and that the DOE approach and supporting information, 
togetherwith the DOE specific commitmentto provide additional information, acceptably address the 
staff's earlier questions. The commitment should be documented and should identify the information 
and DOE plan and schedule to provide the information. Further, an issue is considered closed 
pending further information if staff has identified additional information that must be provided for staff 
to have confidence that DOE has acceptably addressed staff questions. If the additional information 
has not been provided before the LA, the LAwill include the remaining required information sufficient 
for staff to make determinations required by the regulations at the time of CA. Pertinent additional 
information could raise new questions or comments regarding a previously resolved issue. An issue 
is considered open if DOE has notyet acceptably addressed staff questions or committed to provide 
additional information regarding the model, approach, data, or other information pertaining to an issue 
or its subordinate subissues; additional information is required to produce an adequate basis for 
regulatory decision at the time of CA; or staff is identifying models, approach, data, and other 
information that DOE must provide for the staff to complete its prelicensing review and determine 
whether DOE has acceptably addressed staff questions. issuo r,,,lutin at the staff level is ahio•ed 
when the staff has no fur th.. qu.sti.ns or ... mments (i.e., "pen items) at a p.int in' tinge, r'gaFdng 
hoW DOE's programf is addrcssing an issue. Thoro~ mfay be somne eases whero roselution at the staf
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DOE's points ef view. Furthermoro-, Pertinent additienal n~formatien eould raise new quest'oso 
rgmmnts regarding a p., vieusly rs•-lv4d issue.  

An important interim objective of the staff efforts toward issue resolution is to provide DOE with 
feedback regarding issue resolution before the forthcoming Site Recommendation (SR) and LA.  
I RSRs are the primary mechanism that the staff will use to provide timely feedback to DOE regarding 
progress toward resolving the subissues composing eenmpfrmsfg the KTIs. This report is the third 
revision of the IRSR on RDTME. This revision supersedes previous revisions of the IRSR. IRSRs 
include (i) acoopt-anc criteri. ACs and roview m.th.ds for use in issue resolution and regulatory 
review, (ii) technical bases for the RDTME KTI for-the accoptane criteria and review methods, and 
(iii) the status of resolution including where the staff currently has no comments or questions, as well 
as where it does. Additional information is also contained in the technical documents, which 
summarize the significant technical work toward resolution of all KTIs during each reporting period.  
Finally, open meetings and technical exchanges with DOE provide opportunities to discuss issue 
resolution, identify areas of agreement and disagreement, and develop plans to resolve such 
disagreements.  

DOE's Viability Assessment (VA). Also, the staff is currontly using the 114814 to develep a Yucca 

review methods m~ay be r-neoved ffrom futur vesin of t46- IRZ0s.  

Revision 3 of the I RSR contains six chapters, including this Introduction in Chapter 1.0. Chapter 2.0 
defines the KTI, all the related subissues, and the scope of the particular subissue or subissues 
addressed in the IRSR. Chapter 3.0 discusses the importance of the subissues to repository 
performance, including: (i) qualitative descriptions; (ii) reference to a Total System Performance 
Assessment (TSPA) flowdown diagram or to the preclosure performance objectives, whichever 
applicable; (iii) results of available sensitivity analyses; and (iv) relationship of postclosure related 
subissues to DOE's repository safety strategy (RSS) (i.e., DOE's approach to its safety case).  
Chapter 4.0 provides the roview metheds and accoptanee eriteria, whieh indicate the technical basis 
for resolution of the subissues and will be used by the staff in subsequent reviews of DOE's 
submittals. These accoptance criteoria arc uidance forthe staff and, indircotly, for DO)E as well. The 
teehnieal basis for the accoptanec eriteria arc also ineluded to fur~ther documoent thc rationale forte 
staff dccisions. Chapter 5.0 concludes the report with the status of resolution, indicating those items 
resolved at the staff level and those items remaining open. These open items will be tracked by the 
staff, and resolution will be documented in future revisions of the IRSR. Finally, Chapter 6.0 includes 
a list of pertinent references.
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2 KEY TECHNICAL ISSUES AND SUBISSUES 

2.1 PRIMARY ISSUES 

The primary focus of the RDTME KTI is the review of design, construction, and operation of the 
geologic repository operations area (GROA) with respect to the preclosure and postclosure 
performance objectives, taking into consideration the long-term thermal-mechanical (TM) processes.  
Consideration of the time-dependent TM coupled response of a jointed rock mass is central to 
repository design and necessary for performance assessment (PA) at the Yucca Mountain (YM) site 
and consequently, the focus of both the preclosure and postclosure subissues of this KTI. In this 
revision, the preclosure related subissues have been expanded to include preclosure safety analysis 
(PCSA), retrievability, engineered barrier (EB) design, and repository design and operations.  

Design foradequate postclosure performance requires an understanding of the TM response of the 
jointed rock mass during an anticipated compliance period of 10,000 years. Long-term TM response 
is anticipated to influence hydrological properties in the vicinity of the emplacement drifts, waste 
package (WP) degradation, radionuclide release within the engineered barrier system (EBS), 
performance of seals, and flow into and out of the emplacement drifts. Design for keeping the 
repository open for approximately 50-125 years (U.S. Department of Energy, 2000a) requires an 
understanding of TM response of the jointed rock mass as it influences drift, shaft, and ramp stability, 
and waste retrievability. In this r.gard, it should be net.d that DOE has indicatd that it may 
implement an exten.ded m.onitored g-,l^gi^ disposition program that .. uld r.sult in .. ntinu"d 
under-ground accoss for uip to 300 years (U.S. Bepa~tmcnt of Energy, q 998a). in sueh a ease, thgeTMV 
cffeets en the stability of emplaecment drifts .. uld p4t'ntially be mr"e s.vere. C."nsequentlyn 
under-standing en the TM rospense of the jointed rook m~ass beeemes mor~e imnportant-.  

2.2 SUBISSUES 

The RDTME KTI has been divided into subissues to facilitate addressing the breadth of technical 
concerns composing the preclosure and postclosure issues. It is expected that resolution of the 
subissues will lead to resolution of the issue. Some preclosure subissues address topics that are 
of regulatory concern but have regulatory guidance and precedence for resolving licensing concerns 
[e.g., implementation of radiation protections and as low as reasonably achievable (ALARA)], and 
some address topics of regulatory concern because they are, in general, at the limit of or beyond 
conventional engineering experience, and a lack of their resolution may jeopardize the safe preclosure 
operations o r..fe.tiv. postelsuro pe.formance. of the GROA, or both. The inclusion of the former in 
the IRSR is intended to facilitate the prelicensing consultation process and streamline the LA review 
process. The subissues related to postclosure performance address topics of regulatory concern 
and topics at the limit of or beyond conventional engineering experience. Topic resolution is important 
to ensure effective postclosure performance of the repository. Alth.ugh clearly intefel•ated, the 
subissues have been formfulated to minimize redundancy., Alternatives, such as organizing the 
subissues by repesite~y subsystemn, would require, fer example, seismic effects to be considrd 
separately for the drifts, the seals, and the WVPS, thus introducing ex'tcnsive duplication. The feu-meFna 
subissucs arc stated in the next paragraph, with important considerations in eachg sufbissue noetd 
parenthetically, as appropriate:. The main subissues for preclosure and postclosure are stated in the 
next two subsections.
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2.2.1 Preclosure Subissues

Design Control Process-Implementation of an Effective Design Control Process Within the Overall 
Quality Assurance Program (QAP).  

Eaech of the feur SUbiSuo ma, , . turnl, be addrossed in teormS of its prineipal eemponents. Forf 
exaample, Although implementation of an effective design control process permeates the entire DOE's 
high-level waste (HLW) repository program, it may be addressed in two components: the design 
control process employed for the design, construction, and operation of the exploratory studies facility 
(ESF) and the design control process used forthe design, construction, and operation of the GROA.  
Each component must be consistent with DOE's QAP. Furthermore, to the extent that the ESF is 
incorporated into the repository, its design must fulfill the requirements for preclosure safety and 
postclosure performance.  

Seismic Design Methodology-Design of the GROA for the Effects of Seismic Events and Direct 
Fault Disruption [including implications for drift stability, key aspects of emplacement configuration 
(i.e., fault offset distance, retrievability, and WP damage)].  

The following three components have been identified for this subissue: (i) DOE's methodology to 
assess seismic and fault displacement hazard, (ii) DOE's seismic design methodology, and 
(iii) seismic and fault displacement inputs to the design and PAs. Note that DOE has elected to 
consider preclosure aspects of seismic design separate from those for postclosure, although the 
repository design eventually must be shown to meet both sets of requirements. While this IRSR 
deals with the second component (i.e., design methodology) and parts of the third component 
(i.e., design inputs), a companion IRSR within the Structural Deformation and Seismicity (SDS) KTI 
addresses the remaining components.  

Preclosure Safety Analysis-Acceptability of PCSA for the GROA.  

This subissue includes four components: (i) sufficiency of information on site and structures, 
systems, and components (SSCs) for conducting a PCSA; (ii) identification of hazards (both 
manmade and natural); (iii) identification of event sequences; and (iv) identification of SSCs important 
to safety including consequence estimation.  

Design of GROA-Acceptability of GROA Design to Meetthe Preclosure Performance Objectives.  

This subissue includes four components: (i) design criteria and design bases, (ii) GROA design 
methodologies, (iii) design of surface facilities, and (iv) design of subsurface facilities. Although the 
seismic design methodology is a part of this subissue, it is not included in this subissue, but has been 
treated as a separate subissue for resolution. The fourth component of this subissue includes the 
TM effect on design of an underground facility component that was formerly under the TM Effect on 
Underground Facility Design and Performance Subissue in Revision 2 of this IRSR.  

Retrievability-Preservation of Retrievability Option.  

This subissue includes three components: (i) stability of underground opening and maintainability, 
(ii) feasibility and acceptability of retrieval plan, and (iii) temporary/permanent storage considerations.
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The first component (stability of undrgund • p•ning and maintainability) may be resolved along with 
the fourth component (design of subsurface facilities) of the subissue related to design of GROA.  

Design of EBS-Acceptability of EBS Design.  

There is only one component to this subissue (i.e., acceptability of EBS design).  

Performance Confirmation Program-Acceptability of the Performance Confirmation Program.  

This subissue focuses on two areas: (i) feasibility of the performance confirmation program and 
(ii) design and performance verification during construction and operation. The second component 
will include aspects such as verification of geomechanical design criteria and design bases and EBS 
design.  

Repository Operations-Acceptability of Repository Operations Related Programs.  

The components related to this subissue will be developed and provided in the subsequent revision.  

Permanent Closure, Decontamination, and Decommissioning-Acceptability of Permanent 
Closure, Decontamination, and Decommissioning Programs.  

The components related to this subissue will be developed and provided in the subsequent revision.  

2.2.2 Postclosure Subissues 

Thermal-Mechanical Effects-Consideration of TM Effects on Underground Facility Design and 
Performance (including implications for drift stability, key aspects of emplacement configuration that 
may influence th^'mal leads and asso.iated th^ermom..hani.al eff'' ts, rot.i.vability, and the change 
in geometry and flow into and out of emplacement drifts and fault stbaeot distane).  

This subissue-consideration of TM effects in and PAs-has two components: (i) stability-of-te 
underground exoavations with rogard to saf*t du~ing the preeolsuro period, waste rotrievability, ande 
pt.ntial advs.... .... ff.ts en empl..ed wasts. (ii effect of seismically induced rockfall with respect 
to WP performanceý and (iii) changes of emplacement drift geometries and hydrological properties 
surrounding emplacement drifts due to TM perturbation of the rock mass. All" f these compenonts 
have broad design and performanee imnplications-.  

Design and Long-Term Contribution of Seals to Performance-Design and Long-Term 
Contribution of Repository Seals in Meeting the Postclosure Performance Objectives (including 
implications for inflow of water and release of radionuclides to the environment).  

This subissue deals primarily with postclosure performance concerned with three main topics: 
(i) design and construction of seals (including material selection), (ii) long-term stability of seals and 
their components, and (iii) importance of seals in meeting the postclosure performance objectives.  
This subissue is considered closed because the proposed 10 CFR Part 63 provides no specific 
performance requirements for borehole, shaft, and ramp seals. The RDTME and TSPA KTIs will 
jointly addr.ss these topics in the fu'tur. The design, construction, and material selection for seals 
will be reviewed in the design of GROA subissue.
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3 IMPORTANCE OF ISSUES TO REPOSITORY PERFORMANCE 

3.1 RELATIONSHIP OF THE POSTCLOSURE ISSUE WITH U.S. DEPARTMENT OF 
ENERGY REPOSITORY SAFETY STRATEGY 

DOE has identified several principal factors of the postclosure safety case that it considers the most 
important factors affecting performance fo.rmulated sev.r.a. hyp.th.ses that, if confirmed, would 
"demonstrate that waste can be .. ntain-d and isolated atthe proposed YM site for long p..i.ds of time 
[9GE-- RSS, dated Janua, y 2900 198 (U.S. Department of Energy, 2000a 1998b)]. These principal 
factors hypetheses include:

(1) Seepage into the emplaeement drifts will-be, a fraction if the perI.latien

(2) Solubility limits of dissolved radionuclide, Bounds can be placed on th..mally induc.d 
.hang.s in scepage ratos;

(3) Dilution of radionuclide concentration, 
Iinhied;

The amoeunt of seepage that contacts WPs can bo~

(4) Retardation of radionuclide migration in the unsaturated zone, Enginieered-•ef..  
extend the long period of containnmont of the iinnor barrier;

.ea: l

(5) Retardation of radionuclide migration in the saturated zone, Th 
contacts waste can be li,. it-d;

(6) Performance of the drip shield, The amount of mvegm_ nt of faults through the re'esity;

(7)

noir.zn will be tee small t4 . .ng waste t th s...ae, and too sm.all and infroguent to 
signifieantly impact con~tainmfent durin the next few thousand yearS; and 

Performance of the WP barriers. The s.v..i.. .f ground mo.ti. n expeted in. thr• ep.sito.y 
hor~izon1 for tengs of thousands of years will only slightly inercase the amount of rool~fall and
d~ift eellapse-.

Testing these hypoth.eos Addressing these principal factors and design assumptions requires an 
understanding of DOE's design and the effects of time-dependent TM coupled processes occurring 
tekiig-plaee in the jointed rock mass on the GROA, including WPs and-seals. The relationships 
between the RDTME subissues and DOE's RSS are indicated in Table 1.  

In addition to the abeve principal factors noted, str-tegies, DOE assumed has .. ad. an, assumption 
that the preclosure facilities (both surface and underground) can be designed to withstand the effects 
of vibratory ground-motion and fault displacements, and these facilities can be built and operated with 
minimal maintenance for evef a period of 125 450 years. DOE expects that the design actually 
provides for the repository to remain open for as long as 300 years after initial waste emplacement, 
if necessary (U.S. Department of Energy, 2000a) it should be no^t^d in this regard that DOE haa 
indicated it m"ay implem.ent an oxtondod monitored geoelgi' dispsitont Prfgram that could r•SUl 
continued underground aeeess for Up to 300 years (U.S. Departmcent of Energy, 1998a).
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Table 1. Relationship Between Repository Design and Thermal-Mechanical Effects Key 
Technical Issue and the U.S. Department of Energy Repository Safety Strategy 

Hypotheses from Repository Safety Strategy 

Retardation 
Seepage in Retardation 

into Solubility Unsaturated in Saturated Drip Waste 
I Drifts Limits Dilution zone Zone Shield Package 

Thermal
Mechanical xX 

Effects 1 

3.2 IMPORTANCE TO PRECLOSURE PERFORMANCE 

3.2.1 Design Control Process 

The Quality Assurance (QA) requirements for the GROA are specified in the proposed YM 
site-specific regulation 10 CFR Part 63 (Subpart G). The QA requirements are based on the criteria 
of Appendix B of 10 CFR Part 50, and are applied to activities such as site characterization and 
repository design, construction, operations, decommissioning, and closure.  

Appendix B includes 18 criteria that comprise an effective Quality Assurance Procedure (QAP). The 
application of criterion III for "design control" of repository SSCs is of particular interest here.  

Design control is one of the most important of the 18 criteria because it defines the means by which 
the design organization will establish a design baseline, track changes with respect to the baseline, 
and document that regulatory requirements (RR)s related to design have been fulfilled. Meeting the 
QA requirements is an important aspect of demonstrating compliance with preclosure design criteria 
during the licensing review. Prelicensing reviews by NRC staff identified several weaknesses in 
DOE's QAP and design control process (Bernero, 1989). Also, in its own audit activities conducted 
in the past few years, many deficiencies were identified in areas such as data traceability, data 
management, software control, data qualification, and planning for scientific investigations (U.S.  
Department of Energy, 49.8ef,,h,,,, 1998b,c,d,e; 1 999a). To address these deficiencies, DOE and 
its Management and Operating (M&O) contractor office are in the p....ss e developing new 
administrative procedures to replace the existing QAP.  

The staff considers implementation of an effective design control process by DOE to be an important 
programmatic issue with major preclosure performance implications. Consequently, NRC staff will 
continue to monitor the DOE's progress on implementing an effective design control process.  

3.2.2 Seismic Design Methodology 

The major preclosure performance objectives in the proposed 10 CFR Part 63 include 
(i) 10 CFR Part 20 requirements, (ii) numerical guides for design requirements, (iii) integrated safety 
analysis (ISA), (iv) retrievability, and (v) performance confirmation. DOE's designs for both the 
surface and underground facility SSCs must adequately address seismic effects and direct fault 
disruption to demonstrate compliance with these four performance objectives. Failure of any of the
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stru.turs, systems,-a•d components SSCs important to safety (SGI-S) due to vibratory ground
motion or direct fault displacement could severely affect GROA performance during the preclosure 
period of 100 to 150 years, with a p "ssibl' "-;ensi^n to 300 year. Because of this long epe•atiena4 
period for which there is no regulatory experience for meeting public and worker radiation safety 
requirements and because of the unusual requirements associated with retrievability of HLW, the 
seismic design is considered one of the most important factors affecting preclosure performance.  

3.2.3 Preclosure Safety Analysis 

The proposed 10 CFR Part 63 is a risk-informed and performance-based regulation. This regulation 
offers ample flexibility for DOE to demonstrate its case that the design of GROA meets preclosure 
and postclosure performance objectives. Consistent with this regulatory philosophy, 10 CFR Part 63 
requires DOE to conduct a PCSAto provide evidence thatthe design meets preclosure performance 
objectives. The PCSA provides a systematic approach to determine the dose consequences to 
workers and the public. The conclusion of this analysis is a list of SSCs important to safety and 
safety controls that will be relied on for the repository design to meet the preclosure performance 
objectives. These identified safety controls may include administrative procedures. The reliability of 
the analysis results will depend on how well the analysis is executed. Consequently, the acceptability 
of the PCSA is considered important to determine compliance of DOE designs with preclosure 
performance.  

3.2.4 Design of GROA 

As discussed previously, the PCSAwill help identify SSCs important to safety and safety controls in 
GROA. Also, the PCSA may produce design bases and design criteria for SSCs important to safety 
in addition to the design bases and design criteria used for the preliminary design. The design of the 
SSCs importantto safety will need to be examined to ensure that all these design bases and design 
criteria are adequately included in the final design.  

Consideration of TM effects on the underground facility is important in the design of an effective and 
efficient ventilation system, which, in turn, is importantto meeting radiological safety objectives during 
the operational period. Thermal loads also have considerable effect on stability of the underground 
openings (Ahola, et al., 1996), which, in turn, affect ongoing access and monitoring, as well as waste 
retrievability, should that become necessary.  

Furthermore, seismic effects will take place during the prolonged thermal environment. Depending 
on waste loading and other design features, the combined effect of thermal loads and seismic events 
may degrade the rock mass surrounding emplacement drifts. The rock mass may need to be 
reinforced with ground supports (e.g., concrete liners) to ensure operational and radiological safety 
of workers during the preclosure period. The condition of the rock mass will also influence 
retrievability, if support systems are not designed adequately to maintain stable openings.  
Consequently, the evaluation of TM effects is considered important to preclosure performance.  

3.2.5 Retrievability 

10 CFR Part 63 requires the GROA be designed to preserve the option of waste retrieval during the 
period when wastes are being emplaced and thereafter, until completion of a performance 
confirmation program and Commission review of the information obtained from such a program. The
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DOE retrieval operation, if required, is a reversal of the emplacement operation (U.S. Department of 
Energy, 1998f). This concept is valid only if (i) the emplacement drifts are not substantially 
deteriorated or collapsed and (ii) operation under the high WP temperature and radiation conditions 
will not adversely affect radiological safety of the workers. To date, this concept has not been 
demonstrated, and progress in this area needs to be monitored and reviewed.  

3.2.6 Design of Engineered Barrier SystemlSubsystem 

Performance of the WP barriers is one of the principal factors that DOE considers important in 
repository performance. To obtain reasonable assurance of the WP barrier performance, the EBS 
design needs to be thoroughly reviewed. If the EBS is not designed according to the design bases 
and design criteria necessary for the EBS to perform its intended function, such reasonable 
assurance may not be reached. The design of EBS is the focus for the preclosure concern. The 
performance of EBS is being dealt with in the Container Life and Source Term KTI.  

3.2.7 Performance Confirmation Program 

The proposed 10 CFR Part 63 requires the GROA be designed to permit implementation of a 
performance confirmation program. The results of this will be used by the NRC to determine if a 
permanent closure license can be granted. Consequently, review of the GROA design to ensure that 
a proposed performance confirmation program is feasible is essential. As promulgated by 
10 CFR Part 63 (Subpart F), a performance confirmation program shall contain, among other things, 
plans to verify geomechanical design criteria, design bases, and the EBS design. These plans should 
to be implementable and can be completed before the end of retrieval option.  

3.2.8 Repository Operations 

As discussed in Section 3.2.3, administrative procedures or operational procedures may be identified 
as safety controls required for a particular facility design or operations to meet preclosure 
performance objectives. Consequently, the effectiveness of these administrative procedures is 
important to preclosure performance.  

3.2.9 Permanent Closure, Decontamination, and Decommissioning 

To be developed.  

3.2.9 Design aind Loeng Term Contribution of Seals to Perfermanoe 

This subissue is of pri-mary eencrng te pestelefuro performanee and deca net affoc proclesuro 
radiologieal health and saf*t.  

3.3 IMPORTANCE TO POSTCLOSURE PERFORMANCE 

Figure 1 highlights the inputs from 4 of the 10 subissues of the RDTME KTI to postclosure PA.  
Subsections 3.3.1-3.3.4 describe the importance of the four subissues to postclosure performance.
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3.3.1 Design Control Process

DOE's design control process plays a major role in demonstrating compliance with the design 
requirements and performance objectives. Although it may appear that the design requirements in 
the proposed rule are focused mainly on preclosure performance, many (especially for the 
underground facility) play a significant role in meeting postclosure performance requirements as well.  
Thus, the design control subissue dealing with traceability of design changes and flowdown from RRs 
is equally important to postclosure performance. The design control process subissue directly or 
indirectly affects all the Integrated Subissues (ISIs) under the engineered system shown in the 
flowdown diagram of TSPA (Figure 1).  

3.3.2 Seismic Design Methodology 

Design of the GROA for the effects of seismic events and direct fault disruption has several 
postclosure implications. The particular effects of seismic events and direct fault disruption, and 
consequently their importance to long-term performance, are design dependent. In general, the 
GROA design and the methodology used to develop that design must consider seismic effects on the 
WPs and other EBs and key aspects of the emplacement configuration, particularly fault offset 
distance.  

The WPs, backfill, drip shields, and other elements of the EBS that DOE may choose to deploy, as 
well as the surrounding rock mass, will all be subjected to repeated episodes of seismic loading 
during the postclosure period. The potential effects on these engineered and natural components are 
complex functions of the presence and properties of the various barriers. For example, degradation 
of rock mass strength and consequent rockfall could be quite important if backfill is absent, but have 
relatively little effect if backfill is present. In contrast, the absence of backfill could tend to mitigate the 
effects of direct fault displacement because of the large free space available around the WP.  
Depending on design, backfill could act to more directly transfer load to the WPs, thus having a 
potentially adverse effectwith respect to direct disruption by unidentified or random faults. The DOE 
design concept for backfill involves a partial filling with uncompacted material. The backfill 
constructed using this design could eliminate the concern that it may allow for load transfer to the 
WPs during faulting. These examples highlight the complexity of design considerations related to 
seismic effects and direct fault disruption. Furthermore, they point to the need for the PA 
methodology to be sufficiently flexible to address the performance implications of a range of possible 
designs.  

In subsequent revisions of the IRSR, sensitivity studies employing the Total-system Performance 
Assessment (TPA) code (Mohanty and McCartin, 1998) will be used to evaluate the effects of these 
phenomena on repository performance. Processes such as rockfall and mechanical disruptions to 
WPs and other EBS components will be evaluated. The seismic design methodology subissue 
provides inputs to the"mechanical disruption of WP" ISI of the flowdown diagram forTSPA (Figure 1).  

3.3.3 Thermal-Mechanical Effects 

The potential influences of TM processes on underground design and performance during the 
postclosure period come into play with the early stages of construction. Construction methods 
employed forthe underground facility, geometry of underground openings (shape, size, orientation, 
slopes, and waste emplacement configuration), distribution of thermal load, presence or absence of
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backfill, and quality and quantity of roof support are some of the parameters that may have a 
significant effect on the long-term performance of the repository (Ahola, et al., 1996). With the new 
Enhanced Design Alternative No. II (EDA-Il) option, the temperature experienced in the rock-mass 
surrounding the emplacement drifts may decrease somewhat due to the design option of a continuous 
ventilation for about 50 years. Consequently, deterioration of the emplacement drifts may be reduced.  
However, the effect of such change needs to be examined. As waste emplacement proceeds, TM 
effects begin to manifest in the EBS and surrounding rock mass. TM stresses resulting from 
excavation-induced changes and heat produced by the WPs will be superimposed on the existing 
in situ lithologic stresses throughout the postclosure period. TM effects combined with seismic loads 
may affect drift stability, particularly with unbackfilled designs. The effects may also cause rock to 
fall from the rock mass surrounding the emplacement drifts. Potential rockfall is a concern that could 
affect WP and drip shield performance.  

In addition, the effect of TM interactions on the hydrologic properties of the surrounding rock mass 
must be considered in design and PA, given that ground supports (including concrete liners) are 
currently designed to meet the requirements for only preclosure performance. In assessing the 
postclosure total system performance, DOE made it clearthatthe effectiveness of the ground support 
system will not be considered in the assessment. In other words, the ground support system is 
assumed to lose its function after closure. This approach is clearly conservative. However, by taking 
this approach, the potential effects on postclosure performance of deterioration of the rock mass 
surrounding emplacement drifts will need to be evaluated.  

Current understanding is that, after the emplacement of waste, the drifts will be subjected to a 
sustained high state of stress for a long time (Ahola, et al., 1996). This high state of stress results 
mainly from thermal loading and may lead to significant deterioration of the rock mass surrounding 
the emplacement drifts. Subsequent collapse of the rock mass may eventually occur due to either 
long-term deterioration or seismic activities. Such collapse will obviously change the geometry of the 
emplacement drifts and, consequently, change the capture area for seepage in the vicinity of the 
emplacement drifts. The collapse will also affect the hydrologic properties in the vicinity, and local 
changes in hydrologic properties are likely to be large. It is obvious that these changes will affectthe 
WP environment. Accordingly, an understanding of TM effects is important to the staff's independent 
evaluation of DOE's PA. Thus, the TM effects subissue provides direct inputs to all ISIs included in 
the EBS (Figure 1).  

3.3.4 Design and Leng-Term Contributien of Seals to rorformanee 

Although ne specific deinr poformanec roguiromcnts are included in the proposed rulefr 
borchloe' and shaft sealsaln - f .l. manmade openings will, neverthcless, be a mfafter of practica 
necrssit,. lt ha not bWM" ctiblished by . DgE that the contributin of seals to ever-all pIrfoIrnIman 
is insignificant. Somoe of the available rosults of N RC's TPA suggest that such eontributions are Small 
(inferonec based en limited analysis ef unsealed epcn borcholc scenfaiotieý staff has decided to keep 
this subissue epcn until the ne~drevision of the IRSR 4whegn mor-e depfinitfiv rosuls ac epeced o b 
available to the staff. The seal design subissue is expected to provtide inputs to the "quantit; and 

hemgigistfy of water contacting waste forFm 161 in the flowdown diagaram of PA (Figure- 1).  

Wec~eftin, T.J., an~d M.P. Lee, Pfelirngimry Pezrtrmanee Based Analyses Relzevtnt te Bese Based 
Perfzrmfnene Measures fer a Prepesed 0z313gie Repesitery at Yumza Meunteir., U.S. Nueiear Regulatei-y 
Gefmmisiem, .URr=G 1538, 1909 [ii- pressi.
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4 REVIEW METHODS, ACCEPTANCE CRITERIA, AND TECHNICAL BASES FOR 
SUBISSUES 

Review miethods and aecoptanoce criteria fer each of the fOUr main SUNise ar pesented and 
discussed *in Seetiens 4.1 through 4.4. These eriteria Will al88 be used in roiwn DOE's VA ande 
in evaluating the 6A to ensuro that the mehosprpsed by DOE have been properlyimlmtd 
and the resulting design rnets the petinotRs The last subsectien of caeh section In this revision 
(Revision 3), theACs and review methods forevaluating DOE's approach to abstracting RDTME KTI, 
and evaluating DOE's analysis of RDTME KTI in a TSPA have been removed. These will be 
transferred to the YMRP. This section contains only a discussion of the technical bases for the 
subissues that are related to the RDTME KTI. acceptanc. c.ite.ia and cview ... th ;s.ne.udedr am 
This section includes de"sFiptioMs of DOE's approach, suf^a.ics of staff "valuations of DOE'G 
appFa•.h, and results of independent wor. k conducted by the staff. The discussions related to 
concrete behavior are deleted since the use of concrete liners as the primary means for ground 
support is no longer an option in the design. Also, the structure of this section is modified to include 
the preclosure related issues that are added in this revision. The discussions for post closure 
subissues that are essentially the same as those presented in the RDTME KTI IRSR Revision 2.  
Technical bases for the newly added subissues related to preclosure are not included in this revision 
and may be added in the future. These newly added preclosure related subissues include: 
(i) acceptability of PCSA for the GROA; (ii) acceptability of GROA design, except for underground 
facility, to meet the preclosure performance objectives; (iii) preservation of retrievability option; 
(iv) acceptability of EBS design; (v) acceptability of the performance confirmation program; and 
(vi) repository operations.  

4.1 PRECLOSURE RELATED ISSUES 

4.1.1 Implementation of an Effective Design Control Process Within the Overall Quality 
Assurance Program 

4.1.1.1 Background 

The focus of this component of the RDTME I RSR is on the staff evaluation of DOE's implementation 
of design control process for design, construction, and operation of the ESF. According to the 
proposed 10 CFR Part 63 (Subpart G) QAP requirement, QA comprises all those planned and 
systematic actions necessary to provide adequate confidence that the geologic repository and its 
subsystems or components will perform satisfactorily in service. Section 63.143 requires DOE to 
implement a QAP based on the criteria of Appendix B of 10 CFR Part 50. The YM-specific regulation 
currently under development is anticipated to retain these or similar QA provisions. As a result of past 
DOE NRC interactions in the area of ESF/GROA design and associated QA concerns, NRC had 
identified serious deficiencies in DOE's design control process (Bernero, 1989).  

It has long been recognized by NRC that it is impractical for the staff to conduct a thorough review of 
all DOE's design documents given the limited resources at NRC's disposal. Consequently, NRC has 
utilized a "vertical slice" (audit) approach in which the staff selectively reviews some important 
aspects of DOE's ESF/GROA design packages and observes DOE's internal reviews, looking for 
trends that can be used as examples to provide feedback and guidance to DOE. NRC has paid 
particular attention to the design of the ESF because it will eventually become a part of the GROA if 
the YM site is found to be suitable. Therefore, many RRs applicable to GROA would also be
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applicable to the ESF. In the past, DOE found it difficult to demonstrate to N RC the traceability of RRs 
and to provide the necessary documentary evidence to clearly show that all applicable requirements 
were indeed being applied to various design components. In order to thoroughly examine this issue, 
NRC conducted a phased in-field verification in 1995 to evaluate DOE's design control process.  

There were a number of open items that resulted from this in-field verification and the past NRC-DOE 
interactions and from NRC's review of ESF-GROA design documents related to this subissue. All 
these open items are being monitored under the RDTME KTI, and a number of them were closed 
during FY1 996 as a result of staff reviews and interactions with DOE. Some of the main FY1 996 
activities conducted to help resolve the remaining open items and subissues were reported under 
Section 7.3.2 of "NRC's High-Level Radioactive Waste Program Annual Progress Report for Fiscal 
Year 1996" (Center for Nuclear Waste Regulatory Analyses, 1997).  

Past DOE audits identified severe deficiencies regarding the design control process (U.S. Department 
of Energy, 1998a,b,c,d,e; 1999a). An extensive effort is currently being made to correct these 
deficiencies. It is clear that to ensure an effective implementation of the design control process, 
constant monitoring by DOE of the progress will be required.  

4.1.2 Review Methods 

The roviow mfethod for the design conitrol proccas subissue during the preliconsing eensultatiens 
consists of a combination of staff aetivfitis and DOE/NRC interactions. These activities and 
intoractiens include: (i) selective "Yertical slico" roview of design documents-; (ii) roview of the site 

teamgs; (iv) ebseicving DOE's audits and surveillancoes of its contractors; and (V) conducin Dindoepndent audits, s... illene.s, and in fild Ye.ifi.ations on fcu.s.d t.pics. In addition, appropriate 
seetiens of the GR and LA will be roviewed using the aecoptanec criteria developed in this scotien o-f 
the IRSR to decumoent the acooptabilit; of IDOE's design control process ong an onong basis. The 
staff review of DO)E's design eentrol process will eontinue during rcpesiton1' construction and 
operation until final decom m. isiong of the facilitics.  

4.1.3 Aeeeptanee Critcria 

The staff will fin~d DOE's design control proccas to be acceptablc if the following generic critcria ar 
satisfed: 

Accptane Criterion 1 The appliabl RRs Wrc-ietd 

Accoptanee Criterion 2: The design bases associated with the RRs are defined; 

A^..ptanco .. citeri^n 3: The RRs of Aeeeptanee Criterion q and the design bases-of 
A^^-ptanco Criterion 2 arc appr-priatly tr-ansl•td into 

A..eptIne. CritIrien 4: Apppr •iate e.ualit, standards arc speeifiod in the design 
detineents; 

Acceptanco Criterien 5: Any deviatiens fromg the standards speeified under Acceptanco 
Criterion 4 are properly controlled; documoented and justified;
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Aeeeptanee CriteriOn 6: Measur~es arc established fer soleetion of materials, parts-, 
oupment, and procosses that aro essential to functions of 6GS9a 

tha er imptant to safct and waste eentainment and isolation; 

Aeeeptanee Criterion 7:. Design interf-aeos are identified, eentrolled, and appropriately 
eeordinated among partieipating design oraations'; 

A41eptanch Criterien 8, Prosoduros are established for r. a val, roloas-, 
distributiTn, and rfvisien of deoumEnts design inteifain 

Aeie ptante inteoton 9. Measuros arn established forveniftisg or hortking the aeepuac iif 
design halcklations (e.g., pedforming design reviews using oltermate 
orsimplified o aleulaticnal metheds); 

Aeoeptanrl pritemien 10f sf if testing is employed fr vont ifoatien of design adthuaey fEo it 
intended serYsee life, the testing is ui nduated ufdor the a of st 
adverse conditions-; 

ATee ptanca Gnit anon 11: The design verifioation is , nducltd by independent and qualified 
professionals who did not papticipato in the original design effrets; 
eH4 

prcess is alsoe applied te design changes and to field changes, and 
thesoge im ac s are prfperly doeumentad.  

4.1.1.2 Technical Bases for Review 

The review of DOE's design control process has been molded by a number of past and continuing 
review activities, interactions, and correspondence on this subissue. It is important to keep in mind 
the historical background drawn from repository prelicensing interactions and regulations of similar 
nuclear facilities that has provided additional technical and review bases to the staff. Some of the 
important reviews, activities, interactions, and correspondence are described below.  

ESF-GROA Relationship 

The overall premise of staff reviews of DOE's design control process for the ESF is that the ESF will 
eventually become a part of the GROA if the YM site is found to be suitable for the disposal of HLW.  
Therefore, it is important that all site characterization activities, including the design, construction, and 
operation of the ESF be carried out in such a way that all RRs applicable to the GROA be considered 
applicable to ESF, unless it can be shown to be otherwise. The staff has used two main bases for 
judging the ESF construction and othertesting activities: (i) design, construction, and operation of the 
ESF should not result in unmitigable impacts adversely affecting long-term waste containment of the 
EBS and isolation capabilities of the site; and (ii) design, construction, and operation of the ESF 
should not preclude gathering necessary site characterization information. In addition, the staff 
specifically looks for site characterization activities that might have a potential for test-to-test, 
construction-to-test, or construction-to-construction interference and, thus, adversely affect 
containment and isolation or DOE's ability to gather crucial data.
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The staff has effectively applied these criteria to judge the adequacy of DOE's Site Characterization 
Plan (SCP) and various study plans (SPs) at different stages of the program and raised a number of 
objections, comments, and questions that have significantly affected DOE's program over the years.  
In response, DOE has developed a process that requires a "Determination-of-Importance-Evaluation" 
(DIE) at important stages of ESF construction and testing. Each DIE consists of a"Test-Interference
Evaluation" and a "Waste-Isolation-Evaluation," the results of which are used to make crucial 
decisions before major site activities are initiated. The staff may use the results of DIE reviews as 
bases for selecting certain design/site characterization activities for focused review.  

Regulatory Basis 

As mentioned earlier, Appendix B to 10 CFR Part 50 (Quality Assurance Criteria for Nuclear Power 
Plants adopted by the proposed 10 CFR Part 63) provides the underpinning technical/regulatory basis 
for the staff review methods and AC. Specifically, Criterion III of the 18 criteria described in Appendix 
B has been restructured into the specific criteria (listed under Section 4.1.3) for reviewing DOE's 
design control process. These criteria will continue to be used to review DOE's design control 
process employed during the GROA design, construction, and operation.  

Staff Technical Positions 

Additional bases are found in the staff technical positions (STPs) on: (i) Items and activities in the 
"HLW Geologic Repository Program Subject to QA Requirements" (NUREG-1 318, Duncan, et al., 
1988); and (ii) "Regulatory Considerations in the Design and Construction of the Exploratory Shaft 
Facility" [NUREG-1439 (Gupta, et al., 1991)].  

NUREG-1318 (Duncan et al., 1988) provides guidance on approaches acceptable to the staff for 
identifying items and activities subject to QA in the HLW repository program for preclosure and 
postclosure phases. NUREG-1439 (Gupta et al., 1991) provides guidance on identifying RRs 
applicable to the ESF and describes an approach acceptable to the staff for implementation of 
proposed applicable 10 CFR Part 63 RRs. [Note: NUREG-1318 (Duncan et al., 1988) was 
developed using 10 CFR Part 60 and thus needs updating. However, the underlying principles of the 
STP still apply.] 

QA Audits and Surveillances 

From time to time, DOE conducts QA audits and surveillance of its contractors and subcontractors.  
The staff is invited to observe such audits and provide feedback. Over the years, the staff has chosen 
to observe numerous DOE audits and written Audit Observation Reports in which the staff has 
documented either its satisfaction or concerns related to particular issues. The staff has also 
conducted a limited number of independent audits of DOE and/or its supporting organizations and 
documented the results of such audits in trip/audit reports. Such reports and reviews are used as the 
bases for making generalized observations on the overall effectiveness of DOE's QAP.  

Site Characterization Review 

The staff has conducted detailed technical and programmatic reviews of DOE's SCP and several 
associated SPs. Review comments have been documented in NRC's documents, such as the Site 
Characterization Analysis (SCA) and SP reviews. The results of such reviews have been used by 
the staff as bases for identifying concerns related to DOE's QA and technical programs.
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Design Reviews

The staff has participated as observers during DOE's design reviews in which the participating design 
organizations coordinate their individual efforts and integrate different aspects of ESF and GROA 
design. Such design reviews used to take place at approximately the middle of a major effort (known 
as 50-percent design review) and toward the end (termed 90-percent design review). Depending on 
the design topic and the availability of resources, the staff has participated as observers and provided 
feedback to DOE on various aspects of ESF design. The staff has also, on a limited basis, conducted 
independent design reviews of specific design packages and documented the results of each review.  
For example, in accordance with NRC's "vertical slice approach," the staff has reviewed selected 
portions of ESF Design Requirements (ESFDRs), and various ESF Design Packages, such as 
Packages 2b and 2c, and DOE's Regulatory Compliance Review Report (RCRR). The results of the 
RCRR were transmitted to DOE on December 14, 1995 (Nataraja et al., 1995). The results of such 
observations and limited independent reviews have been used as technical bases for staff 
conclusions on the effectiveness of DOE's designs and design control process.  

Meetings 

DOE and NRC conduct several technical meetings on topics of mutual interest under the existing 
prelicensing agreement (Shelor, 1993). DOE makes presentations on several aspects of QA and 
design, and the staff provides feedback to DOE during or after such meetings. The meeting minutes 
document issues and concerns that are also used as bases for staff positions on the effectiveness 
of DOE's program. Appendix 7 meetings are effectively used by the staff to conduct free and open 
discussions on topics of mutual interest. Although no formal meeting minutes are kept of Appendix 7 
meetings, the information is used as technical bases for staff conclusions regarding DOE's design 
control process.  

On-Site Representatives' Inputs 

NRC's on-site representatives (OSRs) attend a number of DOE's technical and management 
meetings and observe day-to-day proceedings at DOE and its M&O contractor offices. They also 
have access to site activities on a regular basis. They can acquire and review DOE's documents that 
are still under preparation and, thus, can provide feedback to DOE on a real-time basis. The OSRs 
reports are also used as bases for staff conclusions on DOE's design control process.  

Site Visits and In-Field Verification 

The staff visits the ESF periodically and observes construction and testing activities, reports on 
important matters, and provides written feedback in its trip reports. The staff has also developed a 
procedure for conducting in-field verification of DOE activities (such activities may include design, 
construction, or operation). These procedures are part of the HLW Division Manual, Chapter 0330 
(U.S. Nuclear Regulatory Commission, 1995a). The primary objective of the in-field verification is to 
determine if DOE is acceptably implementing the site characterization program and constructing and 
operating the ESF. The first in-field verification of DOE's program was conducted in phases starting 
in April 1995, and the results were documented in the in-field verification report [NRC-VR-95-1, (U.S.  
Nuclear Regulatory Commission, 1995b)]. This report documents the objective evidence and 
technical bases for staff conclusions on the adequacy of ESF design and DOE's design control 
process.
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Relevant U.S. Department of EnergylU.S. Nuclear Regulatory Commission Correspondence 
and Interactions 

The staff has actively pursued the design control process subissue beginning with NRC's objection 
to DOE's SCP, specifically, the ESF Title-I design control process. The extensive correspondence 
and exchanges between NRC and DOE that have provided additional bases for the review methods 
and review criteria and positions taken by the staff on this subissue are listed in the appendix.  

Summary of Technical Bases 

The subissue regarding DOE's design control process is a very important and highly complex one 
that historically has played an important role in helping NRC staff monitor DOE's site characterization 
program. Staff activities at the management, programmatic, and technical levels have been used to 
evaluate the adequacy of the ESF design and the design control process in the context of the overall 
GROA design and DOE's QAP. The staff will continue to monitor DOE's program by conducting 
focused reviews of selected vertical slices of GROA design documents prepared by DOE. The 
historical background that can be traced in the various DOE/NRC correspondences and interaction 
minutes will continue to serve as bases for future staff reviews.  

4.1.1.3 U.S. Department of Energy's Design Control Process for the Geologic Repository 

Operations Area 

Selective Review and Results 

To evaluate DOE's progress in implementing the design control process forthe GROA, an Appendix 7 
meeting was held at the M&O contractor's office during the week of June 8, 1998. The purposes of 
the meeting were to examine a number of design documents at different stages of preparation, and 
to select a limited number of them for comparison with the AC listed in Section 4.1.3 of the RDTME 
KTI IRSR, Revision 2.  

Six documents considered to be both adequately developed and sufficiently representative of those 
describing underground facility systems and surface facility systems were identified for further review.  
The six documents reviewed in detail were: (i) Overall Development and Emplacement Ventilation 
System, (ii) Repository Subsurface Layout Configuration Analysis, (iii) Repository Ventilation System, 
(iv) Waste Handling Systems Configuration Analysis, (v) Site Gas/Liquid Systems Technical Report, 
and (vi) Surface Nuclear Facilities HVAC Analysis. These documents were developed using the 
design baseline included in the TSPA-Viability Assessment (VA).  

The M&O Contractor also provided the following additional documents to facilitate the review: (i) a 
current version of the Controlled Design Assumptions (CDA) Document; (ii) a matrix which 
interrelates VA product documents with the CDA; (iii) Repository Design Requirements Document 
(U.S. Department of Energy, 1994a); and (iv) Engineered Barrier Design Requirements Document 
(U.S. Department of Energy, 1994b). These documents were used for comparison with design 
control process criteria.  

For each of the six systems designated for review, the relevant technical documents were examined 
against the AC in Section 4.1.3 of the IRSR Revision 2. Where specific design criteria and 
assumptions were cited, cross-checks between documents were made to verify source 
documentation. The document citations for sections dealing with design criteria and design
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assumptions were also verified to relate to the topic discussed therein. Each reference section was 
crosschecked foreach individual use of a reference to verify thatthe appropriate documentwas cited.  

Staff verified that the checking processes are autonomous, and that the individuals performing design 
system checks were both independent and technically qualified. The staff found and examined 
evidence that verification records were maintained by the M&O contractor. As a result of the 
Appendix 7 meeting and the document review by staff, it was concluded that DOE is currently 
maintaining adequate oversight of the design control process. However, there is one area of concern, 
that being the control of changes to an original design and proper documentation of such changes.  

Comparison with Acceptance Criteria 

During the June 1998 meeting, the 12 ACs discussed in Section 4.1.3 of the IRSR Revision 2 were 
used by NRC staff as the guide on which to base any conclusions. Each of the M&O sources was 
checked for discrepancies dealing with the 12 criteria. Results of comparison with each criterion are 
listed below to illustrate the review process used by the staff. The majority of the items reviewed 
showed general agreement with the review criteria. Total agreement with all the review criteria, 
however, could not be established because of the evolving nature of the GROA design.  

As mentioned previously, the documents evaluated here were developed using the TSPA-VA baseline 
design. From the middle of 1998, the M&O contractor conducted an extensive evaluation of repository 
design alternatives. The objective of the evaluation was to develop an enhanced design for the LA.  
At the end of the process, an enhanced design alternative was identified and recommended by the 
M&O contractorfor DOE consideration (CRWMS M&O, 1999a). If this alternative is selected by DOE 
as the baseline for the LA, the previously mentioned documents will have to be reevaluated.  

AC1: The applicable RRs are identified: In every system document reviewed, the RRswere listed 
in Section 4.4 of the respective documents (CRWMS M&O, 1997b,c,d,e,f, 1998a).  

AC2: The design bases associated with the RRs are defined: In Section 4.2.1 of the Surface 
Nuclear Facilities HVAC Analysis, "The WHB and WTB ventilation systems are to accomplish 
the following confinement functions in accordance with 10 CFR 60.131" [waste handling 
building (WHB) and waste treatment building (WTB)]. The analysis then describes the 
functions the ventilation system will accomplish (e.g., minimizing the spread of radioactive 
material in the air) (CRWMS M&O, 1997e).  

AC3: The RRs of AC 1 and the design bases of AC2 are appropriately translated into 
specifications, drawings, procedures, and instructions: It should be noted that some of the 
data used in the design are yet to be confirmed, or are to be used only to determine space 
and size requirements. Some examples of what has been done to date for each category 
of interest include: 

a. Specifications: Using the 85 metric ton of uranium (MTU) value for the spent nuclear fuel 
(SNF), the drift spacing value of 28 m was derived (CRWMS M&O, 1997c).  

b. Drawings: In the Repository Subsurface Layout Configuration Analysis, Figure 7-2 shows the 
repository layout with respect to geological boundaries, and incorporates its Criterion 4.2.3 
(Deleterious Rock Movement).
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c. Procedures: Since the design is still in early stages, procedures are yet to be developed.  

d. Instructions: Section 7.3 of the proposed wet waste handling system description of the Waste 
Handling Systems Configuration Analysis implements the need to minimize exposure to 
personnel.  

AC4: Appropriate quality standards are specified in the design documents: Every design/technical 
document reviewed has a QA Section (Section 2) that lists the governing QA documents.  
Section 4 of the system analyses lists the assumptions, criteria, design parameters, and 
codes and standards thatwill form the basis forthe document (CRWMS M&O, 1997b,c,d,e,f, 
1998a).  

AC5: Any deviations from the standards specified underAC 4 are controlled properly: The use of 
the terms TBV (to be verified) and TBD (to be determined) is stated in Section 2 of all the 
technical documents; these are used when a specific value is unknown (i.e., cannot be 
measured at this time) or when the values are preliminary in nature (CRWMS M&O, 
1997b,c,d,e,f, 1998a). There are instances where the (assumed) values differ from those 
listed in the standards, but this is because the current standards were revised after the 
design documents were finalized. The future revisions are expected to reconcile the 
differences.  

AC6: Measures are established for selection of materials. parts, equipment, and processes that 
are essential to functions of SSCs that are important to safety and waste containment and 
isolation: Section 4.2.9 in Overall Development and Emplacement Ventilation Systems 
states, "Subsurface repository operation involves continuous ventilation of repository airways 
until closure. To provide radiological protection to repository workers, and to have a positive 
control on potential radiological exposure to as low as is reasonably achievable, the 
subsurface repository ventilation design will include isolated return airways, isolation barriers 
and separate ventilation between emplacement and development." In Section 7.4.8 of the 
document, the general equipment and processes which achieve compliance with 
Section 4.2.9 are described, including the maintenance of a pressure differential, the use of 
ventilation barriers, and the standards for a primary ventilation fan. Materials and specific 
parts and equipment are not discussed due to the early stages of the design.  

AC7: Design interfaces are identified, controlled and appropriately coordinated among participating 
design organizations: DOE has developed QAP NLP-3-34, Mined Geological Disposal 
System (MGDS) Interface Control Documentation. DOE has defined four levels of MGDS 
interface, as described in its Configuration Management Plan. The four interface levels are 
designated A, B, C, and D. Levels A and B are extemalto a system, and levels C and D are 
internal (Ashlock, 1997): 

Level A-Interfaces between the (CRWMS) and other external systems (e.g., waste producers).  
Level B-Interfaces between the CRWMS elements (Repository, Transportation, Storage, and 
Waste Acceptance).  
Level C-Interfaces within an element (MGDS) and between its systems (e.g., Surface Repository, 
Subsurface Repository, WP, and ESF configuration items).  
Level D-lnterfaces between subsystems internal to a MGDS system (Ashlock, 1997).
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The interface control documents meet the standards of this criterion by maintaining guidelines for 
the interfacing organizations to follow.  

AC8: Procedures are established for review, approval, release, distribution, and revision of 
documents involving design interfaces: M&O's QAP NLP-3-34 provides instructions forthe 
management of Level C interfaces on the MGDS. During the Appendix 7 meeting, NRC staff 
were informed of the following: until such time as formal guidelines for the management of 
Level A and B interfaces are approved by DOE, a procedure similar to that of NLP-3-34 is 
being used for Level A and B interfaces (it is expected thatformal written procedures similar 
to NLP-3-34 will be in place in the near future for Level A and B interfaces); Level D 
interfaces, which do not follow management by procedure NLP-3-34, are controlled by a 
process which requires formal design review by the parties potentially affected by the design 
in question (Ashlock, 1997).  

AC9: Measures are established forverifying or checking the accuracy of design calculations (e.g., 
performing design reviews using alternate or simplified calculational methods): The M&O 
established Product Checking Group (PCG) verifies the design calculations through 
independent reviewers. The PCG is discussed in-depth under AC 11.  

AC10: If testing is employed forverification of design adequacy, the testing is conducted underthe 
most adverse conditions anticipated: The application of this criterion cannot be verified atthis 
time since the systems are in design stages only. Application of this criterion will be verified 
and documented in future revisions to this IRSR.  

AC1 1: The design verification is conducted by independent and qualified professionals who did not 
participate in the original design efforts: To address the issue of reviewer independence, the 
M&O contractor established an independent PCG. The PCG verifies the independence of 
reviewers for: (i) drawings, (ii) specifications, (iii) analyses, (iv) system description 
documents, (v) interface documents, and (vi) reports. By maintaining a database for 
checking, confirmation of the independence of reviewers, receipt and return dates, and back 
check dates can now be confirmed with relative ease (CRWMS M&O, 1998b).  

The product checking procedures are identified in the Design Guidelines Manual (DGM) Section 10 
(CRWMS M&O, 1997g). The DGM identifies the following topics: 

1. Assembly of Engineering Documents for Discipline Check 
2. Selection of a Checker 
3. Tracking Checked Engineering Documents 
4. Discipline Check of Input Lists and Engineering Documents 
5. Final Check 
6. Checking and Internal Processing of Engineering Change Requests 
7. Checklists 

AC12: In addition to being applied to the original design, the design control process is also applied 
to design changes and to field changes, and the changes are documented properly: In 
Section 4.3.6 of IRSR Revision 2, Overall Development and Emplacement Ventilation 
Systems that was checked and approved on September 19, 1997, it is stated, "Backfill in 
emplacement drifts is not required." Yet in the referenced CDA Key 046, dated May 8,1997, 
this assumption has been withdrawn (CRVWMS M&O, 1998c). This indication that the design
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uses the earlier assumption (CRWMS M&O, 1996a) shows a potential loss of control with 
respect to changes in, and evaluation of, design inputs. Similar examples were found at least 
once in all of the design systems reviewed by the staff. The M&O staff explained that the 
lapse was due to revisions and Document Change Notices in the design input documents, 
specifically the CDA. The future revisions to GROA designs are expected to reconcile the 
differences.  

4.1.2 Design of the Geologic Repository Operations Area for the Effects of Seismic Events 
and Direct Fault Disruption 

4.1.2.1 Background 

This version of the RDTME IRSR focuses on design of the GROA for the effects of seismic events 
and direct fault disruption. To date, DOE has addressed the first two components of this subissue 
(i.e., hazard assessment methodology and seismic design methodology). Furthermore, DOE has 
limited the scope of its topical report (TR) on design methodology to preclosure aspects.  
Consequently, the following discussion is similarly limited to preclosure aspects. The third 
component of this subissue will be addressed in future revisions of the RDTME and other companion 
IRSRs.

The review methed fer the seismic design metheodelogy consists of roviewing DOE's T-R en scismi 
design moethodology and the associated refrens usig the eriteria developed in this IRS6R.-In 
additiong, meetings arc used te discuss and elarif' various staff eaommcnts and DOE's respenses-.  
The adequacy of the inputs to design and PIA9 will be evaluated using appropriate eccoptanoe eritoi 

be Menitfrod during the l=A roview.  

4.2.3 Aeceptance Criteri-a 

The staff will find tho TFR adequate for further rcview if, during an initial accoptanco review of TR 2, 
the following accoptanee criteria arc satisfied.: 

Aeeoptanco Criterion 1: The TR addrcsses all imgportant to Sa"e (Or important to waste i solatien) topics pcrtaining to the scopc of the TR.  

Acceptancc Criterion 2:. The subject of the TR is currontly undergoing proliconsing evaluation 

the staff roviow of DOE's LA.  

Accoptanec Criterion 4: The T-R contains comgplote and detailed information on each elemoent of 
the scope of the roport-.  

The staff will find the mnethodology proeposed in the T-R adequate for use in ESF and rcpositery dcsg 

WII ••III I 1 11L L I •I o 1 WA k '%o •• • I•I LsA 1 111 M 2 -. IW • I III • 1 .••~ lWl~ • ,%• • WIJ%•, l .1•.'I 1• I

it the lHl•l l rIIri.., are satisfied:
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Acceptance Criterion 1: - ufficientteehnieal reasoning is provided ferthge proposed mgethodology-.  

Acceptance Criteron 2: if available, documented ease histories of the pecfermanee of SSCIS 
designed using the proposod mgethedelogy arc presented in the TR. Inf 
the absence of documented ease histories, nosrou rblems have 
been identified that wauld impede applying thoe methodololgy.  

Aeeeptanee Criteriion 3: The proposod moethedology does net contradict establishd 
methodologies and principles tested and documnented in the 64S for 
nuclear pewer plants and idpnntspent fuel storage installations-.  

Acceptance Criterion 4: Uncertainties associated with the propesed methodology that weul 
significantly affect or impede the Fepesito~' design process and 
developm~ent of inputs to PAs have been eonsidered adequately.  

Acceptance Criterien 5: The various steps involved in the proposed mfethodology aef 
tFanspaerent

Aeeeptanee Criterion 6: To the extent that the proposed design m~ethodology depends on site
speeifletest data, such data are available new, are being gathcred now, 
or there are plans for gathering such dakta during site characeterization 
and b~efore subm~ital of the L=A.  

Acceptanee Criterion 7:. To the extent that the propesed methodology depends on 
aneyal/eaernputer moedels, such moedels have been vedfied, calibrated, 
and validated to the exient practical, or there are plans for such activities 
prior to LAsubm~ital or during the pe~fefmanee confirmgation period, as 

Acoeptanee Criterion 8: Any major assumptions or limitations to the proposed methodology arc 
identified, and thc implications regardling design and pecfermaneear 
discussed in the TR.  

Aeceptance Criteriecn 9: The contents of TR 2 are consistent with the contents of TR 1 and, 
taken together, the twe TRs support the development of inputs for 
design and PAs, as described in TR 3.  

4.1.2.2 Technical Bases for Review 

Seismic Design Topical Report Approach 

Among several approaches to resolving potential licensing issues is the use of TRs. Historically, the 
purpose of NRC's TR program has been to provide a procedure whereby licensees may submit 
reports on specific important-to-safety subjects to NRC staff and have them reviewed independently 
of any construction permit or operating license review. The benefits resulting from this program are 
a minimization of duplication of time and effort that the applicants and NRC staff spend on these 
subjects and improved efficiencies in NRC's reviews.
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NRC staff has documented in its TR Review Plan (RP) (U.S. Nuclear Regulatory Commission, 1994) 
the conditions under which DOE can prepare a TR on a given issue (such as a design or analytical 
method) and submit it for staff review. Under this TR process, DOE submits an annotated outline 
(AO) of the proposed TR to get agreement of the staff on the scope and content of the report before 
spending significant resources. Subsequently, the completed TR is submitted for staff review that 
takes place in two stages, namely, an acceptance review and a detailed, independent technical review 
by the staff. The acceptance review in which the staff checks the general adequacy of the TR using 
the four criteria listed under Section 4.2.3 of the RDTME KTI I RSR Revision 2. The detailed technical 
review is conducted using the nine criteria listed in the same section. Considerable discussion with 
DOE may be required before the staff finally documents the status of the resolution of a particular 
issue or a subissue.  

U.S. Department of Energy/U.S. Nuclear Regulatory Commission Decision to Use the "Topical 
Report" Approach for Seismic Design 

DOE decided and the staff agreed thatthe issue of seismicity and fault displacement is an appropriate 
one to be dealt through the TR process. The issue of seismic design has a long history of potential 
for litigation and high public interest during licensing hearings of nuclear power plants. The TR 
approach is expected to facilitate efficient reviews during the limited licensing review period available 
under the Nuclear Waste Policy Act.  

After discussions with the staff, DOE decided that the issue of seismicity and fault displacement is 
too unwieldy to be covered under one TR. Therefore, DOE developed a plan to address the issue 
using three TRs. The firstTR (TR-1) deals with the proposed DOE's methodology to assess seismic 
hazards. The second TR (TR-2), which is one subject of this IRSR, deals with the proposed DOE's 
seismic design methodology. The third TR (TR-3), which is slated for completion during FY2002 
F-1999, deals with vibratory ground-motion and fault displacement inputs that will be used in 
repository design and PAs. Further details on these three TRs are discussed in following sections.  

TR-1 Seismic Hazard. In its TR-1 (U.S. Department of Energy, 1994a), DOE has developed a 
five-step process for assessing the vibratory ground-motion hazard atthe YM site. First, the seismic 
sources are evaluated. Second, the maximum magnitude and rate of occurrence of each source are 
estimated. Third, ground-motion/attenuation relationships are developed for the site region. Fourth, 
a probabilistic hazard curve forvibratory ground-motion is generated. Finally, multiple seismic hazard 
curves are developed to incorporate the various uncertainties. After completing a detailed review of 
TR-1 in several stages, the staff documented the status of the resolution of the subissues covered 
under TR-1 in its letter to DOE (Bell, 1996a), which stated that the staff has no further questions on 
TR-1 at this time.  

TR-2 Seismic Design Methodology. TR-2, mentioned above, addresses preclosure seismic design 
methodology, keeping in mind that SSCs important to safety must ultimately be builtto a single design 
that meets all requirements, including those for postclosure performance. The seismic design 
methodology and criteria in Rev. 0 of TR-2 (U.S. Department of Energy, 1995) were based on DOE's 
safety performance goals found in DOE Standard 1020-94 (U.S. Department of Energy, 1994c). Upon 
staff review and recommendation, DOE revised TR-2 [Rev. 1, (U.S. Department of Energy, 1996a)] 
substantially to make it compatible with NRC's NUREG-0800 (U.S. Nuclear Regulatory Commission, 
1987) for the repository design (as applicable to surface facilities) and design basis events (DBEs) 
as clarified in a 10 CFR Part 60 rulemaking (U.S. Nuclear Regulatory Commission, 1996).
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TR-3 Design Inputs. TR-3, which will develop and document all the seismic and fault displacement 
inputs for repository design and PA, is scheduled for completion early FY2002. A review process 
similar to the one adopted for TR-1 and TR-2 will be used for the review of TR-3. Only after the 
completion of the review of TR-3 can the staff resolve the seismic issue and potentially adopt the set 
of three TRs as an acceptable reference to the repository LA.  

Preclosure Seismic Design Methodology Presented by the DOE 

DOE's preclosure seismic design methodology and criteria are described in TR-2. If implemented 
properly, this methodology is expected to provide reasonable assurance that vibratory ground-motions 
and fault displacements will not compromise the preclosure safety functions of the SSCs important 
to safety.  

The seismic design methodology and criteria implement the requirements of Part 60, including the 
latest amendments related to DBEs. Accordingly, the report summarizes DOE's approach to 
identifying categories-1 and -2 DBEs and establishes hazard probability levels that are appropriate 
for determining the two levels of design basis vibratory ground-motions and the two levels of design 
basis fault displacements.  

DOE intends to use mean annual probabilities of 1 x 10-3 and 1 x 10-4, respectively, as reference 
values in determining the frequency of the above two design basis vibratory ground-motions. Criteria 
for defining DBEs for both surface and underground facilities are provided for vibratory ground-motion 
and fault displacement design. In addition, the report provides criteria for fault avoidance, which is 
DOE's preferred approach for mitigating fault displacement hazards. Seismic design considerations 
for WPs are also discussed in TR-2.  

After reviewing NUREG-0800 for potential use in repository design, DOE considers that specific 
criteria and guidance contained therein are appropriate for use in surface facility preclosure seismic 
design. TR-2 identifies several NUREG-0800 RPs, such as Standard RPs 3.7.1-3.7.3 and 3.8-3.10, 
along with specific exceptions, as applicable to the surface facility design.  

Many of the standard seismic design methods that are applicable to the surface SSCs are also 
applicable to SSCs underground except that the vibratory ground-motions are appropriately attenuated 
to account for the depth below surface. Therefore, many of the RPs mentioned above for the surface 
facilities are also considered applicable at the repository level. However, the design of underground 
openings requires a combination of empirical and analytical approaches to account forthe interaction 
of excavation-induced and thermally generated stresses superimposed on the in situ stresses. TR-2 
describes the empirical methods, such as Dowding and Rozen's observational method (Dowding and 
Rozen, 1978), Rock Mass Quality Index Method (Barton, et al., 1974), and analytical methods, 
including the Quasi Static Method and DynamicAnalysis Method (Hardy, 1992) thatwill be employed 
by DOE in the design of the underground facilities.  

In general, the TR-2 approach to fault displacement design is to avoid major faults, and whenever 
possible, to provide sufficient standoff distance between SSCs and faults. TR-2 adopts the guidance 
provided in NUREG-1494 (McConnell and Lee, 1994) in establishing design criteria.
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Staff Review of Seismic Design TR-2

DOE requested a scoping review of the AO of TR-2 in August 1994 (Milner, 1994). The staff reviewed 
and transmitted its comments on the AO to DOE in November 1994 (Bell, 1994). DOE submitted a 
revised AO in January 1995 (Milner, 1995) that was considered acceptable. The staff notified its 
acceptance to DOE in its letter of February 14, 1995 (Bell, 1995a). DOE submitted Rev. 0 of TR-2 
for NRC's review in October 1995 (U.S. Department of Energy, 1995).  

Using the criteria given in Section 4.2.3, the staff concluded that the TR-2 contained sufficient 
information with sufficient detail to be considered for a detailed technical review. Staff acceptance of 
TR-2 for a detailed review was transmitted to DOE in their letter of December 1995 (Bell, 1995b).  

A detailed technical review of Rev. 0 of TR-2 was conducted using the generic guidance available in 
the TR RP. In addition, the review criteria delineated in Section 4.2.3 were developed especially for 
this TR that deals with a specific design methodology.  

After a detailed technical review of Rev. 0 of TR-2 and two Appendix 7 meetings with DOE 
(March 13-14, 1996, in Las Vegas and April 23, 1996, in San Antonio), the staff concluded that the 
TR-2 (Rev. 0) would not meet most of the criteria stated in Section 4.2.3 of RDTME KTI IRSR 
Revision 2. In addition, there were other major concerns with TR-2, Rev. 0, such as: 

(1) A lack of adequate consideration of postclosure performance issues that might affect design; 

(2) Incompatibility of DOE's proposed design methodology based on its Standard 1020 with the 
DBE definition provided in the amendments to 10 CFR Part 60; 

(3) Inadequate consideration of existing models and codes for conducting dynamic analyses of 
jointed rock behavior for the design of underground facilities; and 

(4) Lack of a clear rationale for the choice of criteria that will be used to deal with uncertainties 
in the DBEs for ground-motion and fault displacements.  

These and other concerns were conveyed to DOE in the staff letter of May 1996 (Bell, 1996b).  

As a result of the staff review and recommendations, DOE revised TR-2 and submitted the report to 
NRC in October 1996 (Brocoum, 1996). The most substantive change to the TR was that DOE 
dropped its proposed "performance-goal- based design" approach (derived from DOE Standard 1020) 
and adopted an approach that: (i) complies with the new definition of DBE provided in 10 CFR Part 60; 
(ii) adopts the existing review criteria from NUREG-0800 forthe design of surface facilities and some 
of the SSCs underground; and finally, (iii) addresses the significant concerns raised during the review 
of TR-2, Rev. 0.  

The staff completed a detailed technical review ofTR-2, Rev. 1 using the same criteria that were used 
for the review of Rev. 0 and found Rev. 1 to be a significant improvement. The staff transmitted its 
review results along with several recommendations for clarifications in a letter in March 1997 (Bell, 
1997).
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DOE finalized TR-2 in its third version (Rev. 2), and submitted the report for staff acceptance on 
August27, 1997 (Brocoum, 1997). Based on a verification review to check if all clarifications sought 
in the March 21, 1997, letter were provided, the staff concluded that all concerns raised by the staff 
have been addressed satisfactorily by DOE. After a detailed technical review, the staff concluded that 
DOE's methodology was acceptable based on the following: 

(1) The methodology proposed by DOE utilizes the AC found in NUREG-0800 that have been 
used repeatedly and tested many times during the licensing hearings for many nuclear power 
plants. The technical bases for the criteria in NUREG-0800 and its references have been 
clearly documented. TR-2 identifies the appropriate sections of the particular RPs that will 
be used as guides for the seismic design of surface facilities and certain SSCs of the 
underground facility.  

(2) TR-2 adopts staff guidance from appropriate STPs, namely N UREG-1451 (McConnell et al., 
1992) and NUREG-1494 (McConnell and Lee, 1994). NUREG-1494 describes a 
methodology acceptable to the staff for investigating seismic and fault displacement hazards 
at the YM site. It also establishes criteria for defining the region of interest and the types of 
faults to be investigated. The STP emphasizes those faults that might have an effect on 
design and performance. NUREG-1494 (McConnell and Lee, 1994) provides additional 
guidance and clarification on avoiding faults within the preclosure controlled area of the 
repository.  

(3) The empirical design methods and analytical/numerical methods that are proposed in TR-2 
forthe seismic design of the underground facility and the associated uncertainties are found 
acceptable to the staff.  

(4) The approach for the fault displacement design and the technical bases for the criteria 
chosen are acceptable to the staff.  

(5) Finally, all the comments made and concerns raised by the staff during Appendix 7 meetings 
and several rounds of reviews have been addressed in the revisions to TR-2 including the 
final set of clarifications sought by the staff on Rev. 1.  

In summary, the staff accepted DOE's seismic design methodology proposed in TR-2; hewever, the 
staff is awaiting submittal of the final rFelutin ef this subis3ue will ,ccur aftcr the rview ef DOE's 
TR-3 currently scheduled for completion by DOE in early FY2002 FY2--Ee.  

4.1.3 Acceptability of GROA Design to Meet the Preclosure Performance Objectives 

4.1.3.1 Design of Subsurface Facilities 

TECHNICAL BACKGROUND 

The discussion on the TM effects on design of underground facility was originally a part of the TM 
Effects of Underground Facility Design and Performance subissue in Revision 2. In this revision 
(Rev. 3), this discussion is used to provide the technical basis for the Design of Subsurface Facilities 
component of the GROA design subissue.
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assumptions, resulting limitations, and vari•ous steps involved in th 
design proceduroes arc elcarly explained and justified.

Acceptance Criterien 10. Time seeguenees ef theormal leading used in TM design an~d analysesar 
e-deflydfined.  

Aeceptanec Gritcrien 11. The TMV design and- analyses consider the presence Of rOof support 
(balts, shoterete, concrete, and steel liners, as applicablc), eensiderth 
interaetion between rock and roof supports, and address the 
degradatien of supports with timge under high temperaturo and moeistur 
conditions as they affeetthe maintainabilit' of stable epenfings during thcý 
extended proclesuro period.  

Acceptance Criterion 12. The rosults of the T-M analyses, including the considefrationi of grounld 
support (e.g., liners), arc accounted fOr in the detrm~inatien o-ef 
m~aintenao rourments for the underground facility.  

Aeceptanec Criterion 13:* The design discusses m~aintenanee plans for keeping the undcrgroeund 

rotrie\a (-f thEo das of retrieval operations/plans arc foungd in other 
sotions of the 6A, a referenec to such sections would be aeeeptablc.) 

TECHNICAL BASES 

Thermal Properties Characterization 

The thermal properties required for TM analyses of the repository rock mass are:

(1) 
(2) 
(3)

Thermal conductivity; 
Specific heat capacity; and 
Density.

The values of these properties provided by the YM Project (YMP) (i.e., DOE) are typically derived from 
laboratory tests on intact rock specimens (e.g., CRWMS M&O, 1998d, Table 4-3; Hardin, 1998, 
Table 3-5). One set of values is given for conduction-only analyses (CRWMS M&O, 1998d, 
Table 4-3), in which the effects of vaporization and water saturation are approximately accounted for 
through a dependence of thermal conductivity and specific heat on temperature near the boiling point 
of water. A different set of values is given for thermal-hydrological analyses (Hardin, 1998, Table 3-5) 
that explicitly account for vaporization and water-saturation changes. Comparison of predicted and 
measured temperatures in field-scale experiments, such as the DOE single heater test (Blair et al., 
1999) and the DECOVALEX Bench Mark Test 3 (Stephansson, 1999), indicate that intact-rock thermal 
properties are adequate for characterizing the thermal response of a rock mass. Therefore, using 
intact-rock thermal properties to characterize the thermal response of the YM rock mass would be 
considered adequate.
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Mechanical Properties Characterization: Continuum Rock-Mass Model

The mechanical properties required for TM analyses depend on whether the rock mass is modeled 
as a continuum assigned composite rock-mass properties or as a discontinuous medium consisting 
of a network of intact-rock blocks separated by fractures. The following rock-mass properties are 
required in a continuum rock-mass model: 

(1) Poisson's ratio; 
(2) Thermal expansivity; 
(3) Young's modulus; and 
(4) Strength parameters, such as friction angle and cohesion.  

Characterization of the rock mass for the purpose of obtaining mechanical properties required to 
implement a continuum rock-mass model should address the following four features: 

(1) Spatial variation of rock-mass mechanical properties from differences in intact-rock 
properties between the various stratigraphic units; 

(2) Spatial variation of rock-mass mechanical properties from changes in the frequency, surface 
characteristics, and continuity of fractures; 

(3) Spatial variation of rock-mass mechanical properties from changes in the nature and volume 
fraction of lithophysae; and 

(4) Variation of mechanical properties with time as a result of degradation of the rock mass 
through a variety of processes such as progressive fracturing caused by sustained TM 
loading; alteration of fracture-wall rock from extended exposure to heat and moisture; and 
other appropriate thermal-hydrologic-mechanical-chemical (TMHC) processes within the rock 
mass.  

Intact-Rock Mechanical Properties 

Intact-rock mechanical properties forthe YMP are given in CRWMS M&O (1 997h) where the data are 
classified following the YM stratigraphy introduced by Buesch et al. (1995). Earlier compilations of 
YM intact-rock data such as Lin et al. (1 993a) and Brechtel et al. (1995) present the data in terms of 
the TM stratigraphy of Ortiz et al. (1985), which recognizes five TM-stratigraphic units at YM. A 
difference between the Ortiz et al. (1985) stratigraphy and the more detailed Buesch, et al. (1995) 
stratigraphy that may be of most significance is the division of the repository host horizon (RHH) in 
the latter into four units: upper lithophysal unit (Tptpul), middle nonlithophysal unit (Tptpmn), lower 
lithophysal unit (Tptpll), and lower nonlithophysal unit (Tptpln). There may be significant differences 
in intact-rock properties among the four units (e.g., Peters and Datta, 1999). As a result, the TM 
behavior will be different for these four units, especially with the presence and absence of 
lithophysaes. In order to account for the different behavior, the intact-rock data for the four units need 
to be improved. In this regard, it may be more appropriate to follow the Buesch et al. (1995) 
stratigraphy in presenting intact-rock data for YM since it includes mire representative data.
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Effects of Fractures on Rock-Mass Properties for the Continuum Analysis 

Mechanical characterization of the rock mass has followed the traditional approach (e.g., Barton, et 
al., 1974; Bieniawski, 1979) in which intact-rock and fracture characteristics are combined using 
empirical rules to obtain an index value that represents the quality of the rock mass. Rock-mass 
quality variations at YM were initially described following a probabilistic approach that assigned 
statistically calculated quality-index values to each of five quality categories within each of the TM 
stratigraphic units (e.g., Lin et al., 1993a). The percentage occurrence of each quality category was 
initially estimated through statistical analyses of borehole data. Subsequently, data obtained through 
fracture mapping of the ESF were used to develop a rock-mass quality (Q) profile along the ESF 
(Figure 2), which was, in turn, used to obtain better estimates of the percentage occurrence of the five 
quality categories within the stratigraphic units intersected by the ESF (CRWMS M&O, 1997a). The 
ESF Q data give the north-south variation of Q along the eastern boundary of the repository footprint 
(approximately between ESF stations 28+00 and 55+00 in Figure 2) within the Tptpmn stratigraphic 
unit. These data will likely be augmented with results from a recently completed cross drift that 
traverses the repository footprint in an approximately NW-SE direction and intersects all four RHH 
stratigraphic units (Beason, 1999).  

The value of a rock-mass quality index, such as Q or the rock-mass rating (RMR) index of Bieniawski 
(1979), in mechanical analyses relies on the availability of empirical correlation functions that relate 
values of the index to values of mechanical parameters. For example, Serafim and Pereira (1983) 
present an exponential relationship between RMR and rock-mass Young's modulus (E) derived 
through analyses of measured deformations at a dam site. Also, Hoek (1994) and Hoek and Brown 
(1997) present empirical relationships forthe estimation of Eand the rock-mass strength parameters 
(friction angle, ), and cohesion, c) from Q, RMR, or the Geological Strength Index (GSI).  

Two sets of empirical E-vs-RMR data available from the literature (Bieniawski, 1978; Serafim and 
Pereira, 1983) are presented in Figure 3 along with similar data forYM presented ata recent DOE drift 
stability workshop (Lin, 1998). The figure also shows the Serafim and Pereira (1983) E-vs-RMR curve 
and a curve suggested for YM in the Lin (1998) presentation. It is important to note that the YM P data 
in Figure 3 have not been formally published by the DOE. The most recent Edata forYM published 
by the DOE (CRWMS M&O, 1997a), which was used in the ground-support design analyses for the 
VA (CRWMS M&O, 1998d), were derived using the Serafim and Pereira (1983) relationship. An 
observation that stands out clearly from Figure 3 is that the YM data are sparse (six data points from 
ESF convergence analyses and one data point each from the plate-loading and Goodman-jack tests).  
The available YM data indicate that the Serafim and Pereira relationship may be inappropriate forthe 
YM rock mass, but the data are insufficient to support a determination whether the difference between 
the YMP and the other two datasets in Figure 3 should be interpreted as a real difference in behavior 
between different rock masses oras the expected spread of Evalues [around the Serafim and Pereira 
(1983) predictions] at low to medium RMR values. The approach of attempting to fit the YMP data to 
a curve anchored at the intact-rock modulus (i.e., at RMR of 100), as illustrated in Figure 3, may not 
be appropriate. The shape of the E-vs-RMR curve for rock-mass qualities close to intact rock may 
significantly differ from the shape at low to medium qualities. In fact, laboratory data on the effect of 
microcracks on intact-rock stiffness (e.g., Ofoegbu and Curran, 1992) suggest that the stiffness of 
a rock mass would approach the intact-rock stiffness asymptotically as the rock-mass quality 
approaches intact rock. Therefore, because the shape of the E-vs-RMR curve may change 
significantly within the full range of rock-mass quality from lowest qualities to intact rock, it would be 
misleading to extend an E-vs-RMR curve beyond the range of the available rock-mass quality data.
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The YMP should develop a sufficient number of data points to firmly establish the E-vs-RMR (or Q) 
relationship at YM over the range of rock-mass quality values encountered at the site, if it intends to 
use this approach in the LA design.  

The values for the rock-mass strength parameters c and 4) currently proposed forYM (CRWMS M&O, 
1997a) were estimated by fitting straight lines to sets of CF-Vs-a 3 values (where a, and CF3 are 
maximum and minimum principal stresses) calculated using the Hoek-Brown failure criterion (e.g., 
Hoek, 1994; Hoek and Brown, 1997). This approach led to values for 0) that are too high compared 
to the values suggested based on the rock-mass classification systems. For example, CRWMS 
M&O (1 997a, Table 6) gives 4) = 570 and 4) = 580 for the lowest and highest quality categories of the 
TSw2 stratigraphic unit. On the other hand, the highest 0) value from Hoek and Brown 
(1997, Figure 8) for the highest rock-mass quality (approaching intact-rock) is less than 530.  

The procedure presented by Hoek and Brown (1997) for estimating c and 0 is based on the GS. The 
values of this index can be determined through geologic mapping of the rock mass following 
guidelines described by Hoek and Brown (1997) or estimated through correlations with Q or RMR.  
The values of c and 0) obtained using this procedure (Ofoegbu, 1999) with the TSw2 section of the 
ESF Q data (Figure 2) are given as functions of Q in Figure 4. The figure shows I) varying from about 
28 0 to about 350 as Q varies from about 0.73 to about 13.6. These values of 4) are much smallerthan 
the DOE values presented previously. The difference between the CRWMS M&O (1 997a) 4) values 
of 57-58 ° and the values in Figure 4 (28-25') for the same range of Q values is quite significant in 
predicting the mechanical behavior of the rock mass in the vicinity of the proposed waste
emplacement openings (e.g., see the numerical-model results discussed presently).  

Degradation of Mechanical Properties with Time 

Rock-mass mechanical properties may degrade with time because of a decrease in the strength of 
intact rock under sustained long-term loading and a decrease in the shear strength of fracture 
surfaces due to wall-rock alteration caused by extended exposure to heat and moisture. Laboratory 
data (e.g., Lajtai and Schmidtke, 1986) indicate that the strength of hard intact rocks (e.g., granite, 
sandstone, orwelded tuft) under slow or sustained loading may be much smaller than the strength 
obtained through conventional (usually rapid) laboratory-loading conditions. Under sustained loading, 
slow-growing fractures, such as may be driven by stress corrosion at crack tips, are able to extend 
and coalesce sufficiently to cause eventual rupture of the specimen. On the other hand, such 
fractures do not have sufficient time to grow under rapid-loading conditions. For example, Lajtai and 
Schmidtke (1986) presented unconfined compressive strength of crystalline igneous rocks from 
sustained-loading tests as low as 60 percent of the conventional unconfined compressive strength.  
Because the repository environment will be subjected to mechanical loading arising mainly from 
thermal expansion of rock under high temperatures that may be sustained for a few hundred years, 
at least, the strength of intact rock within the environment should be governed by behavior under 
sustained loading. As a result, the value of intact-rock unconfined compressive strength used in the 
repository design analyses should be a fraction of the value obtained from conventional laboratory 
testing. There is currently no data on the behavior of YM intact rocks under sustained-loading 
conditions.  

Although widespread chemical weathering of the rock mass is not likely considering the ambient 
climatic conditions at YM, alteration of fracture-wall rocks at and near the repository horizon is
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considered likely because of possible exposure of such fractures to moisture under elevated 
temperatures for an extended period (Hardin, 1998). Alteration of fracture-wall rock could result in 
fracture apertures widening in some areas due to dissolution of minerals along the fracture surface.  
In addition, fracture apertures could be reduced due to precipitation of minerals (such as clay and 
calcite) that are much weaker than the surrounding rock. Such changes in fracture characteristics 
could weaken the rock mass, resulting in values for the rock-mass strength parameters c and p 
significantly smaller than their values under current conditions. The effects of fracture-wall rock 
alteration on rock-mass properties may be expressed through a reduction of Q following the 
guidelines of Barton et al. (1974) for accounting for fracture skins that are different from the parent 
rock. However, the guideline requires a knowledge of the potential thickness of the altered fracture
wall rock and the surface-area fraction of the fracture surface that is covered by the altered rock. The 
difficulty of predicting such quantities raises doubts on the possibility of quantifying possible reductions 
of Q following the Barton et al. guideline. The effects of an order-of-magnitude reduction of Q on 
mechanical properties are illustrated in Figure 4, which shows the values of E, c, and p estimated 
from the degraded Q values (by placing Qwith 0.1 Q in the empirical equations identified in the figure).  
It should be noted that one order-of-magnitude reduction in Q is approximately equivalent to an 8-point 
reduction in RMR [using an empirical RMR-vs-Q relationship such as presented in Hoek (1994)]. The 
analyses results discussed presently indicate that such a reduction in the Q value would significantly 
affect drift-stability predictions. Consequently, the mechanical characteristics of the degraded rock 
mass should be accounted for in predicting future stability of the emplacement drifts.  

Results from a Two-Dimensional Site-Scale Continuum Model 

Finite element (FE) analyses of the emplacement drift area of the proposed repository conducted by 
NRC used a plane-strain model to examine the effects of the following on drift stability: (i) spatial 
variation of mechanical properties; (ii) mechanical degradation of the rock mass caused by sustained 
loading and fracture-wall alteration from extended exposure to heat and moisture, and (iii) mechanical 
degradation of the ground support. Input data for the analyses were derived from the ESF Q profile 
(Figures 2 and 5). Drift spacing was set at 28-m center to center for a thermal-loading equivalent of 
85 MTU/acre following the emplacement-drift layout in CRWMS M&O (1 997a). Drifts were modeled 
as 5 x 5-m squares, and concrete-lining support was simulated using beam elements placed at the 
edges of the openings. The model used for the analyses is discussed in detail in Ofoegbu (1999).  

The results of the analyses and conclusions drawn based on such results are presented next.  

(1) Analyses performed using nondegraded rock-mass properties (curves Y1, F1, and C1 in 
Figure 4) did not produce significant inelastic response. Also, analyses performed using 
curves Y2 or Y3 with any of the strength-parameter curves did not indicate significant 
inelastic response. These results indicate that stress-induced instability of the emplacement 
drifts (different from structure-induced instability that may result from loose-rock fall, for 
example) would be insignificant under the simulated thermal loading if: (i) mechanical 
degradation of the rock mass does not occur, or (ii) the rock-mass modulus followed the 
curve labeled YMP in Figures 3 and 4. Significant inelastic response (Figures 6 and 7) was 
obtained from analyses performed using nondegraded Young's modulus (curve Y1 in Figure 
4) with degraded strength parameters (curves F2 and C2 in Figure 4). This parameter 
combination represents a simulation of an initial period of stress buildup in nondegraded rock 
mass followed by a period of mechanical degradation. The results illustrate the important 
roles of mechanical degradation of the rock mass and ground support in controlling the
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intensity and distribution of potential stress-induced ground movement. Therefore, for these 
reasons, the possibility of rock-mass degradation needs to be addressed. Inelastic response 
is most intense in the pillar centers and in the roof and floor areas of the openings. With stiff 
drift support (Figure 6), inelastic response is most intense in the pillar centers in areas of 
higher rock-mass stiffness because of the occurrence of high horizontal stress and low 
vertical stress in the pillars as will be illustrated. On the other hand, loss of confinement 
caused by the simulated degradation of ground support causes increased inelastic response 
in the roof and floor, with higher intensity of the response occurring in lower-Q areas 
(Figure 7).  

(2) The results in item (2) also illustrate the strong effects of Young's modulus on the calculated 
response, which occur because the magnitude of thermal stress is controlled by Young's 
modulus. Consequently, there is a strong need to establish the range of the in situ Edata for 
YM site. The role of Young's modulus is emphasized further (Figure 8) through the results 
of a set of homogenous-medium models in which E, 4, and c were varied between the 
minimum and maximum Q values on curves Y1, F2, and C2 in Figure 4. With stiff drift 
support, the higher thermal stresses developed in the higher-Q model dominate the 
response, resulting in more intense inelastic straining in the higher-Q model. On the other 
hand, deactivation of the support system under constant temperature (which is a purely 
mechanical change) to simulate support degradation causes increased inelastic strain 
intensity in the lower-Q model. The response of the lower-Q model to support degradation 
is governed by the effect of loss of confinement on low-strength (i.e., low c and c) rock mass.  

(3) Thermal loading from the emplacement-drift pattern results in horizontal compression and 
vertical extension, which cause an increase in horizontal stress from an initial value of about 
2 MPa and a decrease in vertical stress from an initial value of about 7.5 MPa (Figures 9 and 
10). The largest decrease in vertical stress occurs in the pillar centers and roof and floor.  
As a result, the maximum principal stress would be horizontal and the minimum would be 
vertical, under the thermal regime. The orientation of the maximum principal stress would 
shift from approximately north-south in the pillars to approximately east-west in the roof and 
floor (Figure 10). These stress orientations would favor slip on gently (-30°) dipping 
fractures that strike parallel to the drifts in the pillars or normal to the drifts in the roof and 
floor. Consequently, inelastic response in the roof and floorwould be controlled by slip on a 
gently dipping dominant fracture set that strikes approximately normal to the proposed drift 
orientation. It should be noted that two-dimensional models oriented normal to the drifts will 
not be able to capture the effects of slip on such fractures. Therefore, other modeling 
approaches [e.g., three-dimensional model (3D)] should be considered to assess such 
effects.  

Characterization of Mechanical Properties: Discontinuum Rock-Mass Model 

TM analyses using a discontinuum model require two groups of mechanical properties: 

(1) Mechanical properties for rock blocks: Rock-block properties include mass density, elastic 
or deformability properties, strength parameters, and post-failure parameters. Two basic 
elastic properties for an isotropic material behavior are Young's modulus and Poisson's ratio 
[sometimes bulk modulus and shear modulus are used (e.g., in UDEC)]. Strength 
parameters depend on the failure criterion chosen. For the Mohr-Coulomb failure criterion,
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the strength parameters are cohesion, friction angle, and tensile strength. Post-failure 
properties depend on the type of post-failure responses chosen. For the Mohr-Coulomb 
model, shear dilatancy (dilation angle) is required to describe post-failure behavior. In a 
discontinuum model, however, the presence of discontinuities will account fora good portion 
of the scaling effect on properties. Even so, some adjustment of block properties may still 
be required to represent the influence of heterogeneities and micro-fractures, fissures, and 
other small discontinuities on the rock-mass response (Itasca Consultant Group, Inc., 1996).  

(2) Mechanical properties for fractures: Mechanical properties for fractures include basic elastic 
parameters (normal stiffness and shear stiffness), strength parameters (fracture friction 
angle, fracture cohesion, and fracture tensile strength), and post-failure properties (fracture 
dilation angle). Similar to block properties, fracture properties measured in the laboratory 
typically are not representative of those for real fractures in the field, and choices of 
appropriate parameters need to be guided by fracture properties derived from available field 
tests.  

As discussed previously, there are several versions of intact-rock mechanical properties reported by 
DOE, and the latest are those of CRWMS M&O (1 997h). Rock-mass mechanical properties were 
estimated for the five rock-mass quality categories using, mainly, an empirical approach (CRWMS 
M&O, 1997a).  

Fracture strength parameters (cohesion and friction angle) were initially estimated and used in the 
ESF ground support design analysis (CRWMS M&O, 1996b). The estimate was based on an 
empirical relation forfriction of rock joints proposed by Barton (1973). These parameters were further 
analyzed using the same empirical approach based on qualified field mapping data (CRWMS M&O, 
1997a) and used in subsequent ground support analyses forthe VA (CRWMS M&O, 1998d). Fracture 
tensile strength was assumed to be half of the fracture cohesion according to Lin et al. (1 993b) in ESF 
ground support analyses (CRWMS M&O, 1996b) and assumed to be zero for conservatism in ground 
support analysis for the VA (CRWMS M&O, 1998d). Fracture shear stiffness was estimated in Lin 
et al. (1 993b). Fracture normal stiffness is often assumed to be the same as fracture shear stiffness 
(e.g., CRWMS M&O, 1998d). It should be noted that the approaches used by DOE for estimating 
fracture mechanical properties (strength and stiffness) have considerable uncertainties. In order to 
conduct the discontinuum analysis with reasonable confidence, these approaches need to be tested 
(verified, validated, and calibrated). Furthermore, the associated uncertainties need to be quantified.  

Temperature and Time Effects on Conerete 

The primary ground support system under eonsideraltion fer the emplacement drifts for the baseline 
repIsitIy design lf the TlSPA-VAwas a onfrete liner. The fellewing discuo w de pedf 
Revision I of the RDTMVE 114614te address the technical concerns related to the use of a concrete 
liner in the elevated temperalturfe environment. in April 1999, an enhanced design alternlative was 
identified and haes been recommended by the M&O) Contraeto to DOE for onsideratien as a baseline 
for the SR and the 6A (CRVVMSI M&O, 10999). in the proposed enhaneed ddesign, a eeonrete liner is 
no longer under ecnsideration. However, the discussion is retained in the current version of the RS&R 
pending issuance ef the GWI'A report confirming that a concrete liner is net one of the ground suppor 
systems to be used.  

A large amount of information regar-di&ng the behavior of concrete exposed to heat and moisture is
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available in the literature. Although this information is generally limgited to shor~t term heating (moestly 
under transient conditions), certain bsrainfndg arfe expected to be relevant to the YM 

envronentiiresectve f te esin o th cncrtetine adesoulgbeconidredinehe epsitry esin.A smmay oandoratin gtheedthruehlitraureseach s resnte thth

following subsections.  

"Themal Popetie. at lOvated T-emperatur, 

The thcrmfal properties of concrete at elevated tempercature are net constant since the concrete i 
phgysiee chlgemi lly unstable (Harmiathy, 19,70). Estimiating the therml•al propertics at high.er 
temgperatures is even mor~e comnplex due te the development of decomgpos-itin and trcansfietio 
feaethems.  

In general, concr~ete contains twe or three componments. The two component concrete is a mbixure 
of coarse aggregate and cemnent paste while the thrcc comgponent concr-ete eensists of coarse 
aggregate, filne aggregate, and cemfent paste. The speeifie heat for cemcgnt paste may exper ienceý 
a 100)E percent ine~eas as the temperature increases fromg 100E to 150O OG and starts to deceaese 
gradually until about 400 'G. From 400 to 500 'G, specific heat inercases shar~ply again and peaks 
at 500 0C and eventually returns to values equivalent to those between 25 to 100 OG (I armathy, 
4970). The volumI e spIeifie heat for concrete follows a simil•a t•end. The m aximum1 wall rIckI 
temperature in the r-epository is approximgately 200 0C. Consequently, the temnper-ature dependent 
behavior of the specific heat is an imgpertent issue to be considered in repository design 

The therma~l conductivity of cement paste is ver~y law and net subject to large variations. The concrete 
thermal conductivity is primarlily determgined by that of the aggregates. Concrete with aggr-egate 
containing high crystalline rocks has relatively high conductivity at roomf tem~perature, and th 
conductivty gr-adually decreases•as temperature incrss (Haathy, Concrete containing 
amoerphous rock ag gregates exhibits low conductivity (KingrFey a nd M eQuarrie, 1954) and is relativel i nsensitive to the chgemical composition. The thefrmal conductivity of this type of concrete increases 
slightly With ainrsein temgperature. Concrete with cormmon lightweight aggregates has also 
relatively low conduetivit3' owing partly to the highg porosities (low density) of the aggregae 
(HBRethy, 19:9O).  

Temperature Impaet on Material Propeilies of Conrete 

concrete is hgeated fromg roomn temperature to about 50 0C due to the release of the ma~jority Of 
evaporable water in the concrete during heating (Mareehal, 1972). Young's moedulus and Poisson's 
ratio decrease afterwards at a relatively constant rate as temgper-atur eentinues to increase. The,
reduction in Young's modulus can be mor~e than 40 percent if the temperature reaches 200 0C while 
the reduction could be as mquch as 36 percent for Pofisson's ratio. This reduction is not rever-sible, 
(Mareehal, 19:72). Bulk modulus decreases at a faster rate than Young's moedulus due to the fact that 
Peisson's ratio decreases at a relatively slewer rate than Young's modulus.  

Comgpressive strength of concrete has beeng ebserved to decr-ease as temperatureicess 
Concrete strength at a temgperature of 200 OG is about 70 to 75 percent of that at roomg temgperature-.  
Limgestone aggregate based concrete experiences even faster strength reduction ewing to destmcetion 
of bonds and an increase in plastici-ty affected by temnperatur~e. At 2080 GC, this type of eoncreteha
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4.2 THERMAL-MECHANICAL EFFECTS ON UNDERGROUND FACILITY DESIGN AND 
PERFORMANCE 

4.2.1 Background 

The subissue of the TM effects on underground facility design and performance consists of two major I 
components. "^ is re'e o- p d while the "the; . ' ^• ara f en pefamane 
More specifically, these two components include: (i) """ ^f^e+ ... -g ........ .e ig^,,,(..  
effect of seismically induced rockfall on WP performancet and (iii) postclosure TM effects on flow into 
the emplacement drifts. Review m 'ethods and acceptance criteria for each. component are listed- i 
sepaate subsections followed by a presentation of the technical bases to supp.,these acceptance.

"effects are not complete. They will be updated in the futur revision of this IRSR.  

4.2.2 Reviiew Methods 

Review methods for the TM effects subissue consist of the following: (i) roview of DO)E's therma 
Stratogy and its translation inte design, construction and epefratiOn of the underground faciie 

grund suppr, designs; (iv) review of DE's sit r o hara,, terization thermal testing and pe-forma•e• 
confirmation mn•it.rn prgFram; and (v) sele.tive independentvr vifieati.n anlalyses. The staff wigl 
review DOE's documents related to TM analyses, and appropriate sectiens of SR and 6A using h 
acceptance eriteria develepod in this section. of the IRSR. The staff will also conduct site visits and 
audits to ebsefve and document DOE's verification and validation of TM moedels used in r-epository 
"design. (Mere detaled review mIethods will be developed in futue revisions of this IRSR.) 

4.2.2 Effects of Seismically Induced Rockfall on Waste Package Performance 

4.2.2.1 Aeeeptence Criteria 

Acceptance Criterien 1:. Approved QA and control procedures and standards are applied-to 
collection, developmgent and documnentation of data, mcetheds, moedels, 
and eedes.  

Acceptance Criterion 2:. If used, expek elicitation is eonducted and documgented in. accordance 
with the guidance in NUREC 1563 (U.S. Nuclear Regulatei 
Commission, 1996b) or other acceptable approaches.  

Acceptance Criteriong 3: The seismic hgazar-d inputs used to estimgate Feekfall potential arc 
eonsistentwith the inputs used in the design and PAs as established in 
DOEE's TR 3 rev~iewed and aecepted by N.RC.  

spacngand orientation in three dimensions) with adequate 
consderaion fa~ssociated utneetainties.
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Acceptanco Critcrion 5: The analytical model used in the estimation ef impact lead dlue-to 
r-eekfall en the WP is: (a) based en roasonable assumptions and site 
date; (ii) eensistent with the underground facility (crnplaeement drift.  
geeomctr~ and backefill) and WP' designs; and (iii) defensible with rospeet 
to providing realistie or beunding estimates of impact leads andl 
stresses-.  

Acceptancc Criterion 6:* The TM analyses that provide the backgroeund conditions ong which 
seismic leads arc supefrimposed eansider time dependentjointod roclk 
belghef.  

Acceptancc Criterion 7.: Recl~fali analyses consider, in a rational and roalistie way throughl
dynamic analyses, the pessibilit of mqultiple blockts falling onto a WI' 
simultancously, and the cx~ent of the potential rock~fall efrca around an 
i ndividual cmgpiscement drift as well as over the entire ropesitor; as 
functions of ground motion~s.  

4.2.2.1 Technical Bases for Review 

Seismicity is a disruptive event that needs adequate consideration in both repository design and PA.  
Seismicity could affect WP performance by producing rockfall that may damage WPs. The potential 
effects on the performance of WPs are twofold. The first possible effect of rockfall is to rupture WPs 
by the impact produced by the falling rock. The second aspect is that rockfall may cause damage to 
the container outer pack in a manner that corrosion of the WPs will accelerate and thus reduce the 
intended service life of WPs. In order to perform an adequate assessment of the effect of rockfall due 
to either TM load or seismicity, a number of factors will need to be understood better, such as the 
design of WPs, repository design (ground supports and backfills), and potential size of rockfall.  
Equally important is the availability of a reasonable model/approach that can be used to perform such 
an assessment.  

The analyses of rockfall should explicitly account for four basic aspects: (i) size distribution of 
individual block that can potentially fall, (ii) possibility of multiple blocks falling onto a WP 
simultaneously; (iii) vertical and lateral extent of the region undergoing rockfall, and (iv) effects of 
repeated rockfall on the (corroded) canister due to repeated seismic events. These aspects of 
rockfall analyses are discussed in this section, with emphasis on specific needs for analyses, 
appropriateness of methodologies, and sufficiency of input considerations and associated 
uncertainties. The discussion is based mainly on data from YM site characterization activities, current 
DOE approaches, and ongoing modeling efforts at NRC/Center for Nuclear Waste Regulatory 
Analyses (CNWRA). The ultimate goal of these analyses is to give technically adequate estimation 
of the volume range and quantity of rock blocks that have the potential to fall onto the WPs so as to 
evaluate the effects of such rockfall on the integrity of the WPs. Because characterizing rockfall is 
a recently initiated ongoing effort, the technical bases provided in this section of the I RSR are not 
completely developed and, therefore, should be considered preliminary.  

Size Distribution of Individual Blocks and the Probability of Rockfall 

The size distribution of individual rock blocks is controlled by geometrical characteristics of the 
fracture network. In characterizing a fracture network, fractures are often grouped into primary sets,
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and each fracture set is modeled by parameters such as orientation, spacing, dimension, location, 
and persistence. These geometric parameters of the discontinuities are statistical in nature. Besides 
primary fracture sets, a random fracture set is often simulated to account for fractures that are 
random in nature and could not be accounted for in the primary sets. It is through fracture network 
modeling that the size distributions of individual rock blocks are estimated. Some examples of fracture 
network modeling in the recent geological engineering practice include the commercial code 
FRACMAN (Dershowitz et al., 1993), analyses based on Key Blocktheory (Goodman and Shi, 1985; 
Shi, 1996), and some other commercial and noncommercial software such as FRACNTWK 
(Kulatilake, 1998), Stereoblock (Hadjigeorgiou et al., 1998), and DRKBA (Stone Mineral Ventures, Inc., 
1998).  

At YM, an earlier attempt to estimate size distribution of rock blocks was made by Gauthier et al.  
(1995) using a modified (log-space) version of the Topopah Spring fracture spacing distribution 
developed by Schenker et al. (1995). It is a two-dimensional analysis based on the North Ramp 
Geotechnical (NRG) core hole, the ESF data, and the assumption of cubic and parallelepiped blocks.  
Assumptions of cubic or parallelepiped block shape may distort the estimation of size distribution of 
in situ blocks due to various assumptions with regard to the extent of fractures in the third dimension.  
Recently, DOE 2 conducted Key Block analyses in three dimensions using DRKBA (Stone Mineral 
Ventures, Inc., 1998). In this software, fracture sets are identified based on clustering of fracture poles 
projected on stereonets, and probabilistic distributions of fracture parameters (Fisher constant, 
orientation, spacing, and trace length) are determined for each set. Fracture planes are then simulated 
by a Monte Carlo technique from probability distributions of fracture parameters. Finally, volume 
distributions of the key blocks per unit drift length are determined for various lithologic units (Tptpul, 
Tptpmn, Tptpll, and Tptpln) and for different drift orientations.  

Volume distributions of the key blocks are used in estimating the probability of various sized rock 
blocks that may fall into the emplacement drifts.' In this preliminary analysis, key block failure as a 
function of time is estimated based on an underground rockfall database compiled by Smith and Tsai 
(CRWMS M&O, 1995a) and an approach used by Gauthier et al. (1995) that relates the effect of 
seismic and tectonic events to the incidence of rockfall. The study considered rockfall frequencies 
obtained by Smith and Tsai (CRWMS M&O, 1995a). Gauthier et al. (1995) adopted the CRWMS 
M&O (1 997i) approach fortreating the uncertainties and selected the high-, best-, and low-estimates 
for rockfall frequency as 9.4 x 10-3 , 9.4 x 10-4, 9.4 x 10-5 per year per km, respectively. The study 
further estimated numbers of rockfalls and predicted occurrence rate (or return period) for rockfall 
greater than a certain block size using the following equation and volume distribution of the key blocks 
obtained from DRKBA analyses.  

OccRate = (100% - cum%)*fi *L (1) 

where 

OccRate - occurrence rate for rockfall greater than the block size 

2CRWMS M&O, Key Block Analysis-Preliminary Results, Las Vegas, Nevada, Civilian Radioactive Waste 
Management System Management and Operating Contractor, 1999.  

31bid.
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cum% - cumulative percentage of the block size 
k~ - unit length rockfall frequency 
L - drift length 

There are some inherent assumptions in this latest DOE approach to rockfall estimation that do not 
appear to be technically defensible and thus, limit the practical application of this study. First, in the 
study, rockfall frequency determined by Gauthier et al. (1995) is based on the frequency of earthquake 
occurrence. This assumes that rockfall is induced by seismic events, which are dynamic processes.  
However, the Key Block method is a purely static geometric approach. It does not consider dynamic 
processes of seismic activity, nor does it consider failure mechanisms such as the possibility of 
failure propagation (orfalling of multiple rock blocks) due to falling of one particular key block. In fact, 
results from recent dynamic modeling show that, in most cases, multiple rock blocks will fall instead 
of a single key block during a ground-motion event (see section Possibility of Simultaneous Rockfall 
and Vertical Extent of Potential Rockfall). In the staff's opinion, the Key Block analyses can be used 
to estimate rockfalls that are random in nature and occur under gravity, as well as the likely failure 
initiation location of a rockfall event. Rockfalls due to thermal load and/or earthquake ground-motion 
events need to be determined through thermal and dynamic analyses. In the case of earthquake
induced rockfall, rockfall frequency depends on the frequency of ground-motion events. In 
thermal-load induced rockfall, frequency may be a time function of the evolution of the thermal load 
and the degradation of rock properties.  

Second, the DRKBA Key Block analysis assumes that the likelihood of a rockfall event and the 
number of key blocks are equal everywhere along emplacement drifts. This analysis further assumes 
that the same volume distribution of the key blocks applies everywhere in the repository located in the 
same lithologic units. These assumptions do not appear to be realistic because fracture network 
characteristics vary significantly from place to place. Modeling of the fracture network should be more 
detailed and should distinguish regions with different fracture network characteristics that affect 
mechanical behavior. Furthermore, in DOE Key Block analyses, the amount of rockfall does not 
depend on the level of ground-motion, characteristics of ground-motion (such as frequency content, 
spectrum characteristics, etc.), rock block and fracture TM properties.  

Possibility of Simultaneous Rockfall and Vertical Extent of Potential Rockfall 

TM analyses at the drift scale up to 100 years (Ahola et al., 1996, Chen, et al., 1998) showthat thermal 
loading causes significant stress redistribution around the drift. The study considered a single drift 
in a rock mass that had a regular joint pattern with two joint sets (subhorizontal and subvertical). The 
analyses were conducted using the computer code UDEC (Itasca Consulting Group, Inc., 1996).  
Figures 11 and 12 compare the distribution of principal stresses following drift excavation and after 
100 years of heating under a 100 MTU/acre thermal loading density. The thermal load increased the 
maximum compressive stress, and rotated its direction from vertical to horizontal. The location of 
the highest compressive stress region shifted from the side walls to roof and floor areas of the drift.  
Failure along side walls due to concentration of compressive stresses and lack of lateral support in 
underground mines and tunnels is a frequently observed phenomenon. When such compressive 
stress is rotated and shifted to the roof area, a similar phenomenon could occur and thus cause 
rockfall.  

This study also reveals that thermal load could increase failure of intact rock blocks. Other studies 
have observed this phenomenon (Tsai, 1996; CRWMS M&O, 1995b). Although failure zones in most
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cases were localized to the immediate areas around the drift, in some cases they extended to the 
middle of the pillar in rock masses that are weaker and have a higher thermal expansion coefficient 
(Figures 13 and 14). Although failure of intact rock in discontinuum analysis may not be the direct 
evidence of explicit rockfall, it represents a failure or damage state and indicates the need to establish 
a criterion for determining the vertical extent of potential rockfall with appropriate modeling 
methodologies and input parameters (e.g., joint patterns representative of the site).  

Rockfall phenomena were analyzed by simulating the behavior of an unsupported emplacement drift 
undergoing repeated seismic ground-motion after subjecting it to in situ stress and, in some cases, 
a time-decaying thermal load generated by the emplaced wastes (Chen, 1998; 1999). The analyses 
used the distinct element computer code UDEC (Itasca Consulting Group, Inc., 1996). Modeling 
results show that, in most cases, multiple rock blocks (rather than a single rock block) fall 
simultaneously under seismic ground-motion. Fracture patterns have controlling effects on the 
amount of simulated rockfall. In these analyses, a regularfracture pattern refers to a fracture network 
with two or more sets of fractures of infinite length and constant orientation and spacing (Figure 15a).  
An irregular fracture pattern refers to a fracture network defined by certain statistical distributions of 
fracture parameters such as orientation, spacing, trace length, and gap length (Figure 15b). The 
complexity of fracture patterns increases with increasing number of fracture sets, decreasing 
spacing, and increasing variations of parameters. Modeling results show that with increasing 
complexity of fracture patterns, the number of rock blocks falling, the extent of the rockfall region, and 
the overall drift instability increase. Figure 16 compares simulated rockfalls fortwo slightly different 
irregular fracture patterns. Case A contains two fracture sets, whereas Case C has an additional 
fracture set with relatively large spacing. This figure shows that adding the third fracture set increases 
the amount of simulated rockfall significantly. In general, the amount of simulated rockfall for a heated 
drift is less than that of an unheated drift with the same fracture pattern because the thermal 
compressive stress tends to reduce fracture normal displacement. A similar phenomenon was 
observed by Fairhurst (1999). A second ground-motion event usually produces little additional rockfall.  

Dynamic modeling results also show that the stress distribution is altered significantly by thermal load 
and, to a lesser degree, by dynamic load. As mentioned previously, the superposition of thermal 
stresses on excavation-induced mechanical stresses changes the location of the maximum principal 
stress from drift sidewalls (nearly vertical) to roof and floor (nearly horizontal). In most cases, a zone 
of tensile minimum principal stress occurs in the roof and floor. Figure 17 shows that the extent of the 
region with tensile minimum principal stress (positive stress) is greater for an irregular fracture pattern 
(lower plot) than that for a regular fracture pattern (upper plot), causing more extensive rockfall in the 
case of an irregular fracture pattern.  

It is desirable to establish a criterion that could be used to determine the maximum vertical extent of 
potential rockfall. The extent of rockfall will depend on factors such as level of ground-motion, joint 
pattern, individual block sizes, thermal and mechanical properties of the rock mass, joint shear and 
normal displacements, joint shear and normal stresses, and joint strength.  

Dynamic modeling results show that of all these factors, fracture pattern may have the most 
significant effect on rockfall. Therefore, analyses using a regular fracture pattern such as the one 
shown in Figure 16 may not be conservative. An ongoing effort at CNWRA is to simulate fracture 
network patterns representative of the in situ conditions based on mapping and scanline data from 
the ESF and Cross Drift. Future dynamic analyses will incorporate more realistic fracture patterns 
and recent changes in DOE repository design.

42



Approach for Assessing Effects of Rockfall on Waste Package Performance 

In the following, an approach to evaluating the effects of rockfalls on WP performance that was 
implemented in the SEISMO module of the TPA code is discussed (Manteufel et al., 1997; Mohanty 
and McCartin, 1998). This approach represents the first attempt by NRC to address rockfall and is 
used to assess the number of WPs ruptured due to rockfall induced by seismicity in the repository 
thermal environment. Rockfall due to instability of emplacement drifts caused by TM load can also 
be evaluated in a similar manner. It is recognized thatthe rockfall conceptual model developed using 
this approach is based on a series of assumptions. Some of these assumptions may be conservative 
and some not. A systematic effort is ongoing to quantify rockfall due to seismicity and its effect on 
WP and drip shield performance using site representative data and the most current design (Hsiung 
et al, 2000; Gute et al., 2000). The results of the investigation will be used to develop a more 
representative rockfall model.  

Conceptual Model 

The SEISMO module adapted in NRC's TPA code (Version 3.2) evaluates the potential for direct 
rupture of WPs due to rockfall induced by seismicity in the repository thermal environment. The code 
takes the volume of rockfall as input to perform impact analysis to determine integrity of WPs. The 
magnitude of the impact load is essentially a function of the size of the falling rock block and the 
distance of this rock block from the WPs. The volume of rockfall is in turn a function of rock 
conditions, in situ stress, thermal load, and magnitudes of seismic events. In the following 
paragraphs, discussions related to the conceptual model will be provided in the following sequence: 
(i) how variations of rock conditions are accounted for in the model, (ii) how falling rock size is related 
to the magnitude of seismicity, (iii) how the time dependency of the seismic events is accounted for; 
(iv) how impact load and impact stress are calculated, (v) how rupture of WPs is determined, and 
(vi) how the number of WPs ruptured is determined. A flowchart showing the steps of calculation in 
SEISMO is provided in Figure 18.  

Joint Spacing and Rock Conditions in TSw2 Unit 

It is recognized that not all rocks falling from the roof of the emplacement drifts will have an effect on 
WPs. The effective size of the rock falling on a WP is considered to be controlled by joint spacing 
(width and length) and height of the falling rock block and the falling distance of the rock block before 
it impacts the WPs. The falling distance is controlled by the diameters of emplacement drifts and 
WPs. Another factor that affects the falling distance is the number of rockfalls taking place at the 
same location.  

The falling distance forthe second rockfall is no doubt longerthan that for the first rockfall atthe same 
location. Consequently, the associated energy will apparently be higher and impact will be greater if 
the WP is not already covered by rock debris. The ability for assessing the effect of repeated rockfalls 
at the same area is not currently provided in the SEISMO module. One can indirectly evaluate the 
effects of repeated rockfalls by changing the baseline falling distance provided in the input file forthe 
TPA code. In the future revision of the SEISMO module, the capability of evaluating the effect of 
repeated rockfalls on WPs will be included.  

The joint spacing information provided in a Sandia report (Brechtel et al., 1995), which summarizes 
data collected from NRG holes, is used to bound the five rock conditions. A range of joint spacing is

43



assigned to each rock condition. Since each rock condition represents a range of joint spacings, a 
uniform distribution function covering the range ofjoint spacings is assumed for each rock condition.  

As discussed earlier, dividing the TSw2 unit into five rock conditions as implemented in the current 
version of SEISMO based on joint distribution information using NRG hole data is arbitrary. As more 
information regarding joint distribution in the TSw2 unit becomes available, it may be possible to 
develop a continuous function to describe the rock condition in the TSw2 unit such that the 
assumption of five rock conditions can be removed from the SEISMO module.  

Determination of Size of Rockfall 

The size of a falling rock can be calculated by joint spacing (width) x joint spacing (length) x height 
of the rock block. At this time, the SEISMO module assumes, for simplicity, that the width of a falling 
rock is equal to its length, and the joint spacing is controlled by the rock condition. The maximum 
heights of the falling rock blocks are assumed to be equal to the heights of calculated yield zones 
induced by in situ stress, thermal load, and various levels of ground accelerations.  

The height of the yield zone foreach rock condition subjected to ground acceleration is estimated from 
the results of numerical modeling using the UDEC computer code (Ahola et al., 1996) based on three 
case studies. The height of the yield zone is a function of rock condition and magnitude of ground 
acceleration. Using the height of yield zone for calculation of the size of falling rock tends to give an 
upper bound value. Consequently, the determination of the vertical dimension of the rock that is falling 
in the SEISMO module is made through sampling a uniform function between the minimum vertical 
dimension and the maximum vertical dimension. The maximum vertical dimension is assumed to 
be equal to the height of yield zone while the minimum vertical dimension is assumed to be equal to 
the average joint spacing of a rock condition.  

Investigation is currently underway to devise a more acceptable approach for determining the size 
of the falling rock using available joint information at the YM site.  

Fractional Coverage of Rock Conditions and Determination of Number of Waste Packages 
Ruptured 

Based on the Sandia report (Brechtel et al., 1995), rock condition 4 appears to contain a larger portion 
of the TSw2 Unit. About 62.9 percent of the area can be characterized as rock condition 4 and rock 
condition 5 occupies roughly 35.6 percent of the area. Rock conditions 1, 2, and 3 take up only 
1.5 percent of the area in total. Due to a lack of specific information, the 1.5 percent is equally divided 
into the three rock conditions.  

If a seismic event triggers rockfall for a particular rock condition, rockfalls are not expected to take 
place in the entire area of that rock condition. In fact, only a small fraction of the rock under that rock 
condition will fall in response to a seismic event because of the inherent variation associated with the 
rocks. Another fraction of the rock may fall at a later time when a separate seismic event, having the 
same or greater intensity, takes place. Rockfall could also take place at a relatively smaller magnitude 
event if the rock has been sufficiently weakened due to repeated seismic events. The size of the 
fraction may be related to the event magnitude, joint dip angles, and incidence angle of incoming 
seismic waves, etc. Atthis time, there is little information available to determine such a relationship.  
Consequently, CNWRA experts developed a continuous function relating the fractional area of rockfall
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to the magnitude of seismic ground accelerations based on experience in the field. This function is 
implemented in the SEISMO module forTPAVersion 3.2. As currently implemented, this function is 
rock-condition-independent, that is, the same fraction is applied to all rock conditions in estimating 
WPs affected by rockfall. This function represents our current thinking. Modification to the function 
may be necessary at a later date when more technical information becomes available. Also, this 
function should be made rock-condition-dependent. It is intuitive that, for a particular seismic event, 
weaker rock should experience relatively larger area of rockfall compared to stronger rock conditions.  

Seismic Hazard Parameters 

The SEISMO module requires a history of seismic events over the time period of interest. The history 
of seismic events is generated by the TPA executive SAMPLER utility module. The input required for 
generating event history includes ground acceleration sampling points and the corresponding 
recurrence times. These two pieces of information form a prescribed seismic hazard curve.  

In determining the recurrence of seismic events, the horizontal acceleration hazard curve provided 
in DOE's Seismic Design Methodology for a Geologic Repository atYM report (U.S. Department of 
Energy, 1995) for surface facilities is used. The effect of surface/depth attenuation can be 
investigated using the SEISMO module. At the time of preparing th4s Revision 2 of this I RSR, new 
information generated through expert elicitation regarding potential seismic hazards at the YM site 
became available (U.S. Department of Energy, 1998e). This new information will be included as the 
base case in a subsequent version of the SEISMO module.  

As noted earlier, the seismic recurrence sampling is handled by the SAMPLER utility module in the 
TPA code. Ten discrete sampling accelerations can be used to describe a seismic hazard and should 
provide a relatively good representation of that hazard curve. Evaluation of the sensitivity of results 
to various hazard curves is possible using SEISMO by giving the ground acceleration sampling points 
and corresponding recurrence times representative of the seismic hazard curves to be analyzed.  

Impact Load and Stress Calculations 

The approach used for dynamic or impact load determination in the SEISMO module is approximated 
based on the principle of conservation of energy. This approach assumes that the potential energy 
associated with freely falling rock is converted completely to strain energy imparted to the WPs during 
impact. Several other assumptions are also made: (i) a WP can be treated as an equivalent spring 
with a spring constant, kwp, (ii) the deformation of WPs is directly proportional to the magnitude of 
the dynamically applied force, (iii) no energy dissipation takes place at the point of impact due to local 
inelastic deformation of the WP material, and (iv) the inertia of the WP resisting an impact may be 
neglected.  

Based on the previous assumptions, the impact load can be approximated using the following 
equation (Popov, 1970): 

_____ 1 1 =2h 
Pdyn = W 1+ W+ W 1+ At)(2)
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where

Pdyn impact load 
W - weight of the rock falling 
h - falling distance of rocks to WPs 
Ast - spring deformation 
kwp - stiffness of the WPs 

kwp of a WP is defined as the load necessary to produce a unit deflection at the center of a simply 
supported beam.  

The WP supports are considered to be flexible in the SEISMO module. In the current conceptual 
design, a WP will be sitting on four equally spaced v-shaped thin beams with one vertical cylindrical 
bar on either side of the v-shaped beam. However, only the two supports at the ends of a WP are 
considered. Originally, A in Eq. (2) is the static deflection of the object impacted. In order to account 
for the deformability of WP support, Ast is made to be equal to 

W W 
----.: + -(3) 
Skw 2NP kb 

where kwpis stiffness of the WP, Np = 2, which is the number of the supports at the end of a WP, and 

kb is stiffness of the vertical bars.  

kb can be calculated by 

AE 
kb- L (4) 

and kwp can be calculated by 

48E/ 
kwp= L3 (5) 

where A and L are the cross-sectional area and height of the vertical bar.  

Lw - length of the WP 
I - TTRavg 3t 
t - thickness of WP considering both inner and outer layers 
Ravg - average of the outer and inner wall radius of the WP 

No information regarding the shape and dimension of the bar is currently available.  

From the impact load, the equivalent static stress resulting from the impact can be calculated by 
adopting a simple concept of two spheres in contact and assuming that the pressure is distributed 
over a small circle of contact with the sphere representing rock has an infinite radius (Timoshenko
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and Goodier, 1987), the impact pressure, p, can be obtained by

where 

Rvjr -- radius of lower sphere or WP 
-w material constant for lower sphere or WP 

Crc - material constant for upper sphere or rockfall 

1-2 
= -2 2 (7) 

1- 2p 

Crock -(8) SErock 

where 

wp - modulus of elasticity of lower sphere or WP 
WPw -- Poisson's ratio of lower sphere or WP 

Eock - modulus of elasticity of upper sphere or rockfall 
Prok -C Poisson's ratio of upper sphere or rockfall 

The assumption made for the WPs, spherical in shape instead of a cylinder, is believed to give a 

conservative calculation of impact stress since the contact area calculated using this assumption is 
smaller than that from assuming a cylindrical shape.  

Failure Criterion 

To judge the failure of a WP, a maximum allowable strain failure criterion is adopted in the SEISMO 
module. If the impact stress calculated using Eq. (6) induces a total strain at the contact of impact 
exceeding 2 percent (Timoshenko, 1956), the WPs are assumed to be ruptured. This assumption 
should provide a conservative approach for estimating failure of WPs. The potential damage that 
rockfall can cause to the SNF cladding is currently not accounted for in the SEISMO module.  

Limitations of the SEISMO Approach 

Although the current SEISMO module does not link seismicity with corrosion, over time, corrosion 
could weaken WPs and make them more susceptible to failure by seismically induced rockfall.  
Conversely, the damage resulting from rockfall could weaken WPs and make them more susceptible 
to corrosion over time. In the current SEISMO module, these conditions are not included. These
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conditions may be considered in the future revision of the SEISMO module.

For calculation of the rockfall impact load, the falling rocks are assumed to remain intact (that is, all 
energy generated through dynamic impact is transferred to the WP). If rock is allowed to break, the 
effective impact stress on the WP should be smaller since some impact energy will be absorbed by 
breaking the rock. Consequently, assuming that the falling rock blocks remain intact is conservative 
in assessing integrity of WPs.  

The SEISMO module in its current form does not take into consideration cumulative damage due to 
repeated rockfalls. Some work will need to be done to address this limitation.  

U.S. Department of Energy Total System Performance Assessment-Viability Assessment and 
Technical Basis Document 

The DOE completed the VA report (U.S. Department of Energy, 1998f) of the YM site in 1998 at the 
direction of the U.S. Congress. The VA "describes the strategies that DOE has developed to deal with 
uncertainties associated with estimates of long-term repository performance and to ensure that public 
health and safety will be protected before and after the repository is permanently closed" (U.S.  
Department of Energy, 1998f). This VA report also contains three key components of site 
characterization-testing, design, and TSPA.  

From a technical perspective, the TSPA portion of the VA [Volume 3 of the VA (U.S. Department of 
Energy, 1998g), referred to as TSPA-VA] and the Technical Basis Document (TBD) (CRWMS M&O, 
1998f), which contains supporting analyses used in the TSPA-VA, have the most relevance to the 
RDTME KTI. Of these two documents, the TBD contains greater detail. A summary review of the 
TBD and the referred documents related to RDTME is provided in the following section. The main 
focus of the review is placed on the TBD, Section 10.5.1, Rockfall.  

Technical Basis Document, Section 10.5.1: Rockfall 

Section 10.5.1 of the TBD addresses the rockfall model, which describes the likelihood of earthquake
induced rockfall, potential size of rockfall, and the consequence to WP integrity and radionuclide 
releases. The possible effects of seismic disturbance (vibratory ground-motion or fault displacement) 
include rockfall damage to WPs and change in flow pattern near the emplacement horizon. From 
DOE's perspective, rockfall is expected to be the primary source of WP disturbance (CRWMS M&O, 
1998f).  

Available Rock Block Size in the Exploratory Studies Facility 

The distribution of rock block sizes determined in CRWMS M&O (1 997a), which was based on the 
joint spacings obtained from the scanline mapping in the ESF, was used in the TBD to assess rockfall 
effects on WP disturbance. The rock block size was estimated using the approach suggested by 
Palmstrom (1996) 

Vb = 3 (9)
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where Vb is the block size (volume), P is the block shape factor, and Jv is the volumetric joint count.  
Separate equations are available for determining /3 and J, (Palmstrom, 1996). For simplicity, the 
joints are assumed to intersect at right angles to form a block (CRWMS M&O, 1997a). The rock size 
distribution was conveniently divided into four rock quality designations.  

Estimation of Rockfall Due to Ground Motion 

It is difficult to estimate the extent of damage and rockfall of underground excavations subjected to 
ground-motions. The level of damage and amount of rockfall as a result of vibratory ground-motions 
depend heavily on the related rock mass conditions (rock types), state of stresses, and ground 
supports. An empirical equation proposed by Kaiser et al. (1992) was used in the TBD to estimate 
the damage to underground excavations caused by shaking. This equation was developed for 
assessing rockburst-induced tunnel damage for underground mines in Sudbury, Ontario, Canada, and 
is qualitative in nature. This equation was modified in the TBD to account for the effect of rock mass 
conditions, as follows: 

i4 PGV) 
DL= -2.33+ 1.33IC (10) 

ln(2) 

where DL is the damage level, a qualitative damage index; PGVis the peak ground velocity; and IC 
is the measure of rock condition related to rock wall quality, failure potential, local mining stiffness, 
support effectiveness, and temperature (CRWMS M&O, 1997a).  

It is worth noting that Eq. (10) was developed for assessing tunnel damage caused by rockbursts.  
The ground shaking signals associated with rockbursts are of relatively short duration and high 
frequency (Hsiung et al., 1992), whereas earthquakes involve longer duration and relatively lower 
frequency ground-motions. Consequently, applicability of the damage level assessment empirical 
equation to the YM site needs to be verified.  

The IC values in Eq. (10) were assigned to each of the four rock quality designations based on an 
assessment of ESF data (CRWMS M&O, 1997a). The technical basis for assigning these values is 
not provided in the TBD. Because the rock quality designations are related to rock block sizes as 
indicated in the previous section, DL can be related to the available rock block sizes through Eq. (10).  
(Note that the rock size referred to here and for the rest of this paragraph means rock mass.) 
However, this relationship did notseem to be used in Section 10.5.1.6, Development of Rockfall Model 
Source Term, to determine the rock size needed to assess damage to WPs. Instead, two additional 
terms were introduced: size of rock expected from DL and size of rock from a probability density 
function (PDF). The rock size from a PDF was compared with the critical rock size required to 
damage WPs. If the former is larger, the WP impacted is judged to be damaged. No discussion is 
provided in the TBD regarding how the size of rock expected from a given DL is determined, nor does 
it present clearly how the size of rock is determined from a PDF.  

Furthermore, there appears to be a miscalculation of DL, for example, in Tables 10-28 and 10-30a 
where DL values are consistently underestimated. A close examination of the DL values provided in 
these tables indicate that they were determined using
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_ PGV) DL=In -5 -2.33+1.331C (11) 

Figure 19 graphically shows the difference of DL values calculated for various peak ground velocity 
(PGVs) using these two equations. The calculated DL value is about 40 percent smaller for strong 
rock and about 30 percent smaller for the medium rock if Eq. (11) is used. It is not clear which 
equation was intended to be used in the TBD. If Eq. (11) is the correct equation, DOE needs to 
provide justification. If the use of Eq. (11) is a mistake, this mistake needs to be corrected and the 
rockfall effect on WP damage reevaluated.  

Deteffminatien ef Peak Crolund Voe'~cet 

exedenee eurve for lho~zental PC Vfromf Figuro 7 8 ef the Probability Seismie Hazard Analyses far 
Fault Displacomoent and Vibraitery Croungd Metion at Yumca Mountain, Nevada, Final Report, Volueie 

16, 1998. This report has been subsequently rovised and published on -Septemgber 23, 1998. Figure 
:7 7 of the revised report contains the annual probability of exceedenee eufve for hor~izontal PCV-.  
Figure 7 7 of the revised Septemgber roport and Figure 7 8 of the Junge report are substantially different, 
in shape and annual probability. The new curve appears toJ Hroduceehigher PGVs than the one used i n the TBD). The effect of the revised curve en WP damgage should be evaluated.  

Waste Package Damage Criteria 

The TBD considered two forms of rockfall damage to WPs: through-wall cracks and crack initiation.  
The rock size necessary to cause these two types of damage was estimated by dynamically 
modeling the rockfall impact on WPs (CRWMS M&O, 1996c,d). The dynamic analysis conducted 
in the two reports published by CRWMS M&O (1996c,d) assumed that the rock was spherical in 
shape. The report stated, "This assumption provides a bounding approach to the problem since the 
most severe effect of impact on the WP will be determined without any failure on the rock surface." 
This assumption appears to be reasonable. In a CNWRA analysis, (Gute et al, 1999) the effects of 
several types of impact contacts were analyzed. The results indicate that a spherical rock would 
appear to cause the most damage to the WPs and thus would represent a bounding case. Work is 
continuing in this area, however, to determine whether the strain energy distribution through the 
thickness of the WP wall, at the point of impact, can provide additional information as to the relative 
significance of rock size and shape.  

The FE analysis conducted in both reports models a section of the WP (in the middle span) about 1.5 
m in length. This length is about the distance between two adjacent pedestal supports. Both reports 
(CRWMS M&O, I 996c,d) postulate that, "since the middle section of the WP provides a smaller 
length than the full WP length, the finite element model is conservative." This assertion is based on 
the understanding that the bending stress on a beam is directly proportional to the square root of the 
beam length (CRWMVS M&O, I 996c,d). In both reports, the beam length is assumed to be the length 
of a WP. The assumption of conservativeness does not seem to be justifiable because the beam 
length used in calculating bending stress is the length between two adjacent supports (for a simply 
supported beam). In the case of the support configuration proposed for the WMs, the beam length 
is 1.5 m. Consequently, using the 1.5-rn section for modeling is reasonable and not necessarily
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